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I. INTRODUCTION 
"An assumed state becomes real when its 
proper t ies a r e m e a s u r e d , " 
G. N. Lewis and M, Kasha 
E lec t rochemis t ry is the study of reactions which take place at an 
e lec t rode-so lu t ion interface. The course of such react ions can be descr ibed 
by appropr ia te e lec t rochemical mechan i sms . The var iab les which are 
available to cha rac t e r i ze the e lec t rochemica l mechanism a re cu r r en t , 
e lectrode potent ial , and t ime. T i m e is always an independent var iable 
while either c u r r e n t or potential is the dependent var iab le . Heterogeneous 
e lec t rochemica l kinetic schemes like chemical kinetic schemes can be bet ter 
understood by a complete chemica l analysis of major and t race products . 
The presence of t rans i tory in te rmedia tes in an e lec t rochemica l scheme is 
usually hypothesized. The exis tence of such in termedia tes is inferred from 
the cur ren t -po ten t ia l - t ime behavior of the par t icu la r e lec t roac t tve species 
or from the products observed r a t h e r than from an independent c h a r a c t e r i -
zation of these in te rmedia tes . 
The e lec t rochemis t exper iences a major difficulty in t ransforming his 
exper imenta l ly observed functional relat ionship of cu r r en t potential and t ime 
into a functional relat ionship of concentrat ions and t ime . Since the e lec t ro -
chemical mechan ism involves at least one heterogeneous s tep , a model for 
the t r anspor t of species between the bulk of solution to the region of the 
e lec t rode-so lu t ion interface is n e c e s s a r y . Current at any given potential 
being the a lgebra ic sum of al l cathodic (reduction) and anodic (oxidation) 
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p r o c e s s e s , the t r ans format ion of the m e a s u r e d net variable into concen t ra -
tions and fluxes is a fundamental difficulty. This difficulty is s i m i l a r to 
that encountered when one m e a s u r e s a coll igative proper ty . 
The difficulty of t ransforming a net va r i ab le and the usual inability to 
isolate and c h a r a c t e r i z e t r ans i to ry in te rmedia tes has led to ambigu i ty in the 
in terpre ta t ion of e l ec t rochemica l phenomena. This has left much to be 
des i r ed in the detai led mechanis t ic descr ip t ion of many e lec t rochemica l 
r eac t ions . 
Demonst ra t ion of the existence and the importance of ce r t a in types of 
t r ans i t o ry in te rmedia tes in an e lec t rochemica l kinetic scheme by a non-
e lec t rochemica l m e a s u r e m e n t is now poss ib le . The existence and impor -
tance of molecules with umpaired spins in an e lec t rochemica l p r o c e s s can 
be demonst ra ted by simultaneous e lec t rochemica l and e lec t ron spin resonance 
(ESR) m e a s u r e m e n t s . By studies of the na ture and intensity of the ESR 
absorpt ion s p e c t r u m and its relat ion to the usual e lec t rochemica l v a r i a b l e s , 
it should be poss ib le to elucidate the role in the e lec t rochemica l mechan i sm 
played by species with unpaired sp ins . 
This thes is is an effort to apply e lec t ron spin resonance spec t roscopy 
to the study of in s i tu e lec t rochemica l ly genera ted t r ans i to ry and s tab le 
organic free r ad i ca l s . The hope is to obtain a be t te r understanding of the 
ro le played by these free radica ls in e l ec t rochemica l p r o c e s s e s . 
II. HISTORICAL 
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Polarography is a ve ry useful tool for examining e lec t rochemica l p r o -
c e s s e s . Numerous reduct ions and oxidations have been examined po la ro -
graphica l ly since Heyrovsky f i rs t r epor ted such phenomena at a dropping 
m e r c u r y e l ec t rodeLlJ . The ea r ly studies of organic s y s t e m s were r e s t r i c t e d 
to morphological descr ip t ion of the polarographic wave ra the r than mechan-
is t ic definition of the p r o c e s s e s taking place at the e lec t rode-so lu t ion 
in te r face . 
An e lec t rochemica l mechan i sm must of course s t a r t with a s ta tement 
of the overa l l p r o c e s s , i . e . , the number of p r o t o n s , solvent molecules and 
e l ec t rons added to or removed from the e lec t roac t ive subs tance . If the 
p r o c e s s involves s eve ra l e l e c t r o n s , there will usually be m o r e than one 
e l ec t ron t ransfer s tep . The re may be steps involving protonation, dehydra-
t ion, e tc . , some of which may be slow. These chemica l s teps may also be 
slow re la t ive to the s lowest e lec t ron t ransfe r s tep . The state of the e l ec t rode 
sur face with respect to sorpt ion of r e a c t a n t s , products or other molecules 
as well as the configuration of the sorbed molecule mus t a lso be descr ibed . 
The e l ec t ron t ransfer s teps mus t be desc r ibed , that i s , whether the t r ans fe r 
is completely r e v e r s i b l e , totally i r r e v e r s i b l e or if ne i the r , the degree of 
i r r e v e r s i b i l i t y must be s ta ted . The o rde r of each of the chemical r e ac t i ons , 
the configuration of the act ivated complex, and the chemica l steps preceding 
the r a t e determining s tep mus t all be elucidated. 
Such detailed descr ip t ions of e lec t rochemica l mechan i sms have as yet 
not been r epo r t ed , but ce r t a in fundamental s teps have been taken. Numerous 
mechan i sms have been proposed; s e v e r a l a r e shown and d i scussed below. 
Star t ing with some ea r ly work of Evans and Hush|_2J, Elving and Pul lman 
1.3 Jhave recent ly proposed a very genera l mechanis t ic scheme which s e e m s 
to fit most cases and p o s s e s s e s a degree of s impl ic i ty and rat ional i ty which 
allows it to be ex t r eme ly useful and v e r s a t i l e . 
A major effort of the Czechoslovakian school of polarography has been 
d i rec ted at descr ib ing the polarographic cu r r en t -po ten t i a l - t ime c h a r a c t e r i s -
tics of react ions with slow chemica l and slow e lec t rochemica l s teps [_4,5j. 
Reinmuth and coworkers |_6,7j have recen t ly p resen ted an analogous t r e a t -
ment of potent ia l - t ime curves for s i m i l a r s y s t e m s studied chronopotent io-
me t r i ca l ly (vol tammetry at constant applied cu r r en t ) . 
The cases d i scussed below will all be organic reduc t ions , but this does 
not imply that the s ame p rob lems a r e not encountered in organic oxidations 
or both inorganic oxidations and reduc t ions . 
Lait inen and Wawzonek[_8j p roposed a mechan i sm for the reduct ion of 
s tyrene and st i lbene which was pioneer ing and provocative^ 
R + 1 e - ^R~ ( r e v e r s i b l e , potential determining)(1) 
R" + 1 e ^ - > R " ( i r r eve r s ib l e ) , (2) 
and R= + 2 H 0—>RH + 2 OH" ( i r r e v e r s i b l e , r a p i d ) . (3) 
C l a r k [ 9 j h a s recent ly proposed the following mechanism for the 
reduction of m-ch lo ron i t robenzene , I, 















This is in essent ia l ag reement with the mechan i sm proposed e a r l i e r by 
Kroshunov and Kire l lova (lOj. Clark has a lso obtained evidence that the 
second e lec t ron is added slowly with r e spec t to the f i rs t e l ec t ron . It has 
recen t ly been shown that no chemical s teps p recede the f i rs t e l ec t rochemi -
ca l steps y l | , and t he r e fo r e , it has been proposed that the f i r s t e lec t ron 
addition in the reduct ion of an a roma t i c nitrocompound is potential de t e r -
mining. This r e q u i r e s that there be a finite concentrat ion of ArNO 
exist ing during the course of the e l ec t ro ly s i s . Kemula J12J has offered 
osci l lopolarographic evidence for s e v e r a l t r ans ien t in te rmedia tes in the 
overa l l four -e lec t ron reduct ion of ArNO . One in termediate suggested was 
ArNO ". In the aprot ic solvent , a c e t o n i t n l e , Maki and Geske [l3j have 
shown by using e l ec t rochemis t ry and e l ec t ron spin resonance spec t roscopy 
that the most anodic reduction p r o c e s s for ArNO is a one-e lec t ron r e v e r -
sible reduction yielding ArNO ~. P i e t t e , Ludwig and Adams [14,1§ have 
recent ly shown that even in aqueous solution during the e lec t rochemica l 
reduct ion of aliphatic and a roma t i c n i t rocompounds , there is a finite concen-
t ra t ion of RNO ~. They detected the existence of these radicals by e lec t ron 
spin resonance spec t roscopy. Exper imenta l detai ls as to e lec t rode potential 
and re la t ive cu r ren t efficiency for rad ica l format ion were not repor ted b y 
these au tho r s . 
The polarographic behavior of N-methylpyr id in ium ion, II, studied b y 
Tompkins and Schmidt [ l6L indicates a one-e lec t ron reduct ion to a free 
r a d i c a l , III. Controlled potent ial e l ec t ro lys i s [l_7,18J suggests that this 
initial r ad ica l couples in the 4 posit ion as shown below: 
+ + N - C H 3 1 e > ,. m ,x N _ C H f ( ? ) 
II III 
N+-CH3 ^ C H . - N / ^ ^ L / ^ ^ N - C H . (8) •u?u and 2 
Recent ly Schwarz , Kosower and Shain [19j have studied the e lec t rochemis t ry 
of 4 -cyano- l -e thy lpyr id in ium ion, IV, and have shown that the condensed 
prpduct , V, formed by condensat ion of the 4-cyano-1-e thylpyr id in ium 
r a d i c a l , VI, e l iminates two cyanide ions and produces N , N ' -d i e thy l -4 , 
4 ' -d ipyr idy l , VII. This ion, VII, is reducible at potentials n e c e s s a r y to 
reduce the original 4-cyano-1-e thylpyr id in ium ion, IV. The reduction of 
VII is a r eve r s ib le one -e l ec t ron p r o c e s s and yields the N, N ' -d ie thy l -4 , 
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N - C 2 H 5 . 
^ft-KSM^)^^"^ + 2 CN 
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( I D 
(12) 
'The polarographic reduct ion of ce r ta in a romat ic aldehydes and ketones 
in acidic solutions has long been thought to involve a one-e lec t ron reduction 
•with a subsequent coupling of two free rad ica ls t o yield the corresponding 
pinacol [20J. The polarography in acidic solution is cha rac te r i zed by two 
reduction p r o c e s s e s . The mos t anodic is believed to be the one-e lec t ron 
reduct ion, followed at more cathodic potentials by a d i rec t two e lec t ron 
reduction to the corresponding alcohol. Controlled potential e lec t ro lys i s 
a t potentials corresponding to the diffusion plateau of the f i r s t wave yields 
the corresponding pinacol [2lJ. Suzuki and Elving [22j have proposed the 










The s e v e r a l m e c h a n i s m s given above a r e typ ica l of those p r o p o s e d for 
o ther e l e c t r o c h e m i c a l r e d u c t i o n s . They have at l e a s t t h r e e f e a t u r e s in 
c o m m o n . F i r s t , al l r e q u i r e a m a s s t r a n s p o r t of the e l e c t r o a c t i v e s p e c i e s 
f rom the bulk of solut ion to t h e e l e c t r o d e s u r f a c e . Second, t h e r e is at l e a s t 
one he t e rogenous e l e c t r o n t r a n s f e r s t ep . T h i r d , t h e r e a r e as a ru le two 
c l a s s e s of c h e m i c a l r e a c t i o n s which p r e s u m a b l y take p l a c e . The f i r s t type 
is be l ieved to take place in the i m m e d i a t e v i c in i ty of or d i r ec t ly on the s u r -
face of the e l e c t r o d e . The second c l a s s is b e l i e v e d to take p lace at d i s t a n c e s 
f rom the e l e c t r o d e s u r f a c e which a r e l a rge when c o m p a r e d to the d i s t a n c e 
at which the concen t r a t ion of the e l e c t r o a c t i v e s p e c i e s has e s s e n t i a l l y r e a c h e d 
i ts bulk concen t ra t ion . The p r o d u c t s of th is s e c o n d type of c h e m i c a l r e a c -
t ion m a y be e l e c t r o a c t i v e , but b e c a u s e of t h e i r d i s t a n c e f r o m the e l e c t r o d e 
s u r f a c e they mus t be t r a n s p o r t e d to the v ic in i ty of the su r f ace before they 
c a n p a r t i c i p a t e in ano the r he t e rogenous e l e c t r o n t r a n s f e r s t ep . 
M a s s t r a n s p o r t p r o c e s s e s can be c o n s i d e r e d to be of t h r e e types : 
m i g r a t i o n of charged s p e c i e s in a potent ia l g r a d i e n t , convect ion or ag i ta t ion 
due to density or thermal gradients or a relative motion of the electrode with 
respect to the solution, and diffusion under the influence of a concentration 
gradient. Most electrochemical experiments are designed to minimize 
migration through the addition of a diverse or indifferent electrolyte. Studies 
in stirred solution or where convection is important can be in some cases 
described with mathematical rigor |_23j. The equations necessary to des-
cribe diffusion depend on electrode geometry and are similar to those used 
for heat flow in solids. There is ample evidence of agreement between 
diffusion theory and electrochemical experiment [24,25,26|. 
Delahay [27,28) has reviewed and examined the current-potential-
time behavior of electrochemically reversible and irreversible processes. 
This author has chosen to define a reversible process as one "where the 
electrochemical reaction is so rapid that electrochemical equilibrium is 
achieved at the electrode, . . . and the Nernst equation can be applied in 
the calculation of the electrode potential. " Irreversible processes have 
been described by absolute rate theory. The relevant equation is given 
below: 
i = nFAC k „ exp 
ox fh 
p y (E.=̂  . 
(15) 
- n F A C ,k L 1 exp red bh 
where i is current, n, the overall number of electrons transferred per mole-
cule of oxidant or reductant, F, the Faraday, A, the area of the electrode, 
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C and C ,, a re the surface concentrat ions of the oxidant and reductant , 
ox red ' 
11 o o 
k ,, and k a re the heterogenous e lec t ron t r ans fe r ra te constants at the 
tn bh 
V " "* • 
v ' formal potential of the couple, E , n is the number of electrons in the 
slow electron t rans fe r s t ep , E is the applied potent ial , T is the absolute 
t e m p e r a t u r e , and °< is a pa rame te r whose value is between 0 and 1. The 
parameter,oc f can be defined in severa l w a y s , but its most descr ipt ive 
meaning is the fract ion of the total energy, -nFAE, that acts to d e c r e a s e the 
height of the cathodic energy b a r r i e r or essen t ia l ly drive the cathodic r e -
action. , Thus C< may be in terpre ted as a m e a s u r e of the symmetry of the 
energy b a r r i e r [29J. 
Totally i r r e v e r s i b l e e lec t rochemical reductions a re cases in which 
the back reaction is negligible at the pa r t i cu la r applied potential and t h e r e -
for one t e rm of (15) can be neglected. Case s in which the e lec t rochemica l 
equi l ibr ium is not rapidly es tabl ished, but where the back react ion is impor -
tant are considered to be part ial ly i r r e v e r s i b l e . The cur ren t as a function 
of concentration and potential can only be desc r ibed by use of both t e r m s of 
(15). 
The mechanism proposed by Evans and Hush[_2Jis of in teres t because 
these authors rea l ized many of the possible fates of e lec t rochemical ly 
reduced products . They considered the one-e lec t ron reduction of AB r e -
sulting in cleavage of the AB bond, 
AB - i - ^ A" + B . (16) 
They then listed s e v e r a l possible chemical fates of A" and B , namely, 
d imer iza t ion , e lec t ron t ransfer and proton transfer . 
11 
A" + A" — • A= + A , (17) 
2 A ' + 2H zO —> (AH)2 + 2 OH
_ , (18) 
A" + H 2 0 — » AH + OH", (19) 
B + B > B 2 , (20) 
and B + B » BH 2 + (B - H 2 ) . (21) 
Of the s e v e r a l possible e l ec t rochemica l fates of A and B , they chose 
to cons ide r only the reduction of B , 
B 1 e > B " . (22) 
Since the i r in te res t was in the reduct ion of alkyl h a l i d e s , Evans and Hush 
se t as ide cons idera t ion of the chemica l complicat ions and only cons idered 
in deta i l the e lec t rochemica l s teps given above, (16) and (22). 
F r o m the viewpoint of the propos i t ion of genera l e l ec t rochemica l 
m e c h a n i s m s , their chief contr ibution was a rea l iza t ion of the many possible 
chemica l complicat ions which can a r i s e after a heterogenous e lec t ron t r ans -
fer . The e lec t rochemica l case cons ide red by Evans and Hush was s imp l i -
fied cons iderab ly since a mul t i e l ec t ron reduction was not postula ted, and 
therefore the re la t ive ease of succes s ive e lec t ron addition did not have to 
be cons idered . 
Elving and Pullman|_3_Jhave postula ted a s e r i e s of r e a c t i o n s , both 
chemica l and e l ec t rochemica l , which they feel will be mos t useful in d e s -
cr ibing organic e l ec t rochemica l m e c h a n i s m s . The s e v e r a l s teps a re given 
12 
below and are shown in a more schemat ic fashion in Hgure I, 
R-X + e" + (H + , OH", H O ) —> electrode complex, (23a) 
electrode complex —» [RJ) + X" + (H+ , e t c . ) , (23b) 
[RJ) > R' , (24) 
R« + R* > R-R , (25) 
R* + e " > ( R : ) " + (H
+ , e tc . ) # (26) 
[ R ] + e " » ( R : ) " ± ( H
+ , e t c ) , (27) 
( R : ) " + H + > RH + (H + , e tc . )# (28) 
and (RJ) "̂  (e lectronic r ea r r angemen t products)(29) 
The species [_Rj is unstable radical but can be converted to the stable r ad i -
ca l R ' . 
The case of multiple bonded reac tan t s can be described by the following 
step where Z is some solvent component: 
R-X + e" JR—X] + (H+, etc.), (31) 
and R=X + e" + Z (k—X-z] + (H+ , e tc . ) . (32) 
Cases in which the f i r s t electron does not resu l t in R-X bond fission a re 
descr ibed by (31) and (32). 
The intermediate species JR.—XJ and |R"—X-ZJ may be converted to 
the stable free r ad ica l s R ~ X and R'—X-Z or further reduced to a carbanion. 
13 
F i g u r e I 








r ea r r angemen t 
products 
- > RH 
Schematic of the Elving and Pul lman I 3J general ized 
e lec t rochemica l reac t ion mechan i sm for the case of 
single e lec t ron t r a n s f e r steps and R-X bond fission. 
Equations a re numbered as in the text . 
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There is now a possible path for mul t ie lec t ron t ransfers since two electrons 
have a l ready been added to reach a carbanion. The r ea r r anged product of 
the carbanion may also be reduced at the par t icular applied potential. Much 
imagination is not needed to conceive a variety of fates for the initial products 
of the multiply-bonded s t ruc tu re s . The species R—X-Z or R—X could 
easily accept with varying degrees of rapidity additional e lect rons or under-
go any of the severa l chemica l s teps already presented. 
Considering the mechanism of Laitinen and Wawzonek [8 J in t e rms of 
the above general mechanism, it is apparent that when expressed in the 
t e rms Elving and Pullman , this is a par t icu lar example of (23), (27), and(28). 
The e a r l y steps in the mechanism for aromatic nitrocompounds p ro -
posed by Clark [ 9 j a r e in real i ty (23) and a combination of (27) and (28). If 
one could show that the intermediate observed by Kemula |12l was ArNO_ 
then (24) must also be included. 
The case of 4-cyano-1-ethylpyridinium ion reduction Il9j can be des -
cribed by (23), (24) and (25), Considering R-R as a new electroact ive 
spec ies , since it results from a chemical react ion taking place in the bulk 
(25), the remainder of the mechan ism is descr ibed by (23) and (24). 
The case of the f irs t reduct ion wave for carbonyl compounds in acid 
solution can be described by (23, (24) and (25). 
In o rde r to demonstrate that a proposed e lect rochemical mechanism ~~ 
is consistent with experiment , it is necessary to calculate current -potent ia l -
ttme curves for the system considering mass t ranspor t and the chemical and 
e lec t rochemical s teps . A compar i son of calculated and observed curves 
15 
then forms the basis for a value judgment of the mechanism under consider-
ation. Such calculations have been performed and the general considerations 
are discussed and reviewed by Delahay J30J. Several polarographic examples 
of the Czechoslovakian school have been recently discussed | 4 , 5 j . Numerous 
equations of potential-time curves for e lectrolysis at constant applied cur-
rent, chronopotentiometry, have been given by Reinmuth [6, 7j. 
The general procedure for a given proposed mechanism, |30J, is to 
write down the appropriate diffusion equation including any chemical com-
plications, the necessary initial, and boundary conditions and solve the 
resulting partial differential equation. The solution will hopefully be in a 
closed form and should relate the electrode potential, e lectrolysis current, 
concentration, number of e lectrons, area of the electrode, and t ime. A 
very simple mechanism having no chemical complications, but involving an 
irreversible reduction is shown below: 
diffusion,, Q ^ R diffusion, 
bulk surface surface bulk 
The solution of the boundry value problem assuming linear diffusion to a 
planar electrode and an irreversible reduction has been reviewed by Delahay 
[28j and is shown below: 
"•?- = fT 1 * exp( A2) er fc (A) (34) 
ld 
where 
t2 . o 
A = —r- kfU exp 
D2 ,  fh L RT •]• 
OCn F 
a ( E - E ° ) | , (35) 
The quanti t ies (i) and ( i , ) a r e the cu r ren t s at potentials where the surface 
a 
concentra t ion of (0) is respec t ive ly g rea te r than ze ro or essent ia l ly ze ro . 
The function erfc is the complement of the e r r o r function. The other nota-
tion has been previously defined. 
The usual problem with such solutions is that for cases with chemical 
complicat ions much chemical intuition is nece s sa ry to wri te down a mecha-
n i sm . Of more importance is that the tes t of calculated v e r s u s observed 
cu r ren t -po ten t i a l - t ime data usually forms the sole bas i s of judging the 
acceptabi l i ty of the mechan i sm. It would be convenient if some chemical 
in t e rmed ia tes could be isolated and charac te r ized . The potentials where 
these in termedia tes occur and the cur ren t efficiency for their formation 
would aid significantly in charac te r iz ing the mechan i sm. Unfortunately, 
because of the ra ther r e s t r i c t e d geometry of a dropping mercu ry e lect rode 
and the smal l fraction of an exhaustive e lec t ro lys is taking p lace , techniques 
independent of e l ec t rochemis t ry have not been widely applied. 
Be romus |31J has recent ly used deposition of a radioact ive t r a c e r to 
study diffusion layers in s t i r r e d and quiet solutions. This technique is ap -
plicable to the study of the e lec t rode and ma te r i a l deposited on it, but 
appears to be of little use m studying chemical and e lec t rochemica l p r o -
c e s s e s taking place on the solution side of the e lec t rode-solu t ion interface. 
Maki and Geski Jl3J have generated in acetoni t r i le at m e r c u r y m i c r o -
pool e lec t rodes the one-e lec t ron reduced free rad ica ls of seve ra l n i t roa ro -
mat i c compounds and they have repor ted the e lec t ron spin resonance (ESR) 
absprp t ion spect ra of these compounds. The fundamental contribution was 
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the in situ e lec t rochemica l generation of these radicals and the simultaneous 
recording of their ESR spec t ra during e lec t ro lys i s . It is t rue that the rad i -
cal is the final stable product of the e l ec t ro ly s i s , but the s imultaneous em-
ployment of an independent measuring technique with e l ec t rochemis t ry is 
the important advance. Ingram and coworkers [_32j n a d already used e lec t ro -
chemical generation of r ad ica l s , but he t r a n s f e r r e d the radical from the 
e lec t ro lys is vesse l to the cavity of the spec t rome te r and therefore he did not 
simultaneously per form both m e a s u r e m e n t s . Using the technique of Maki 
and Geski [ l3 j , P i e t t e , Ludwig and Adams [ l4 ,15j have repor ted the obse r -
vation of t rans ient rad ica ls in the e lec t rochemica l reduction of aliphatic 
and aromat ic ni trocompounds. They repor ted the observation of radicals 
in acetate buffers, neut ra l buffers, s t rong base and unbuffered solutions. 
These authors did not r epor t the e lectrode potential relat ive to the po la ro -
graphic half-wave potential nor did they r epor t the relative cu r ren t efficiency 
for radica l formation. Never theless the observat ion by a technique indepen-
dent of e l ec t rochemis t ry , that there a re organic radicals which can exist 
in aqueous solution with a half-life of seconds to minutes is in itself a funda-
menta l advance. 
The e lec t rochemis t now has an independent tool which will allow him 
to determine the exis tence of a cer ta in c lass of t ransient or s table e l ec t ro -
chemically generated spec ies . This type of information should be exceedingly 
useful in elucidating the course of many e lec t rochemica l p r o c e s s e s . 
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III. THEORETICAL 
A. E lec t ron Spin Resonance Absorption Spectroscopy 
E l ec t ron spin resonance and spect roscopy, ESR, is a useful tool in 
the study of atoms and/or molecules which have unpaired e l ec t rons . The 
r e a d e r is r e fe r red to the text by Ingram [33J for a m o r e complete discussion. 
The following discussion will be r e s t r i c t e d to liquids in which molecular 
motions a r e sufficiently rapid to reduce to ze ro the aniso t ropic components 
of e lec t romagnet ic in teract ions . It is further r e s t r i c t e d to molecules in 
which the coupling between the orbi ta l angular momentum and the spin of 
the e lec t ron is highly quenched. In such sys tems the e l ec t ron is essent ia l ly 
" f r ee" . Most organic "free r a d i c a l s " fall into this c l a s s . 
Hyperfine split t ings a r e useful in charac ter iz ing ESR spec t ra . These 
spli t t ings resu l t from interact ions between the magnetic moment of the un-
pa i r ed e lec t ron and the magnet ic moment of nuclei which a r e embraced in 
the molecu la r orbital of the unpaired electron. The mathemat ica l re lat ion 
express ing the energy of in teract ion is the "Hamiltonian", for the case of 
isotropic splitting the Hamiltonian can be wri t ten as : 
"ft-* B e g N ^ L 3 V N & <V
rN>J- (36) 
where (g ) and (g,T) a re the (g) fac tors for the e lec t ron and the nucleus r e -
spect ive ly , (fi) and f N) a re the Bohr magnetons for the e lec t ron and the 
nuc leus , (S ) and (I ) a re spin ope ra to r s for the e lec t ron and the nucleus , 
and $ ( r e - r_j) is the Dirac delta-function for the distance between the 
e lec t ron and the nucleus , normal ized in three d imensions . The Dirac 
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delta-function will have a non-zero value only if the molecular orbi ta l occu-
pied by the unpaired e lec t ron does not vanish at the position of the nucleus. 
Only molecular orbi ta ls with sigma s y m m e t r y , have a finite probabil i ty 
for the electron wave function at the nucleus . Molecular orbi tals withTf 
symmet ry have a node at the nucleus; thus only electrons which are in CT~~ 
molecular orbitals have the ability to produce isotropic hyperfine spl i t t ings. 
Unpaired e lect ron density can be dis t r ibuted from t h e ^ s y s t e m of the a r o -
mat ic " t ree r ad ica l " to the per iphera l a toms via the mechanisms of con-
figuration interact ion J34j and/or hyper-conjugation (35j. F u r t h e r it has 
been shown |36J that the magnitude of the observed hyperfine spli t t ing, the 
coupling constant, produced by an atom with a magnetic moment is l inearly 
re la ted to the unpaired electron density at the nucleus. 
In the event that no two nuclei in a molecule are equivalent, the maxi-
n 
mum number of lines in an ESR spec t rum in \/(21. + 1), where I. is the 
t h l = 1 l l 
maximum value of the nuclear spin of the i atom in a molecule with (n) 
atoms in units of h/cu. In the case of (j) equivalent a toms , I is the vector 
sum of the maximum value of the nuclear spin for the (j) equivalent a toms . 
If all the I 's are in t ege r s , then a line will be observed in the center of the 
ESR spec t rum. If one or more of the I 's is not an integer but is a fraction, 
then no line will exis t in the center of the spec t rum. There will always be 
a point of inversion in the center of the ESR spectrumof a free radica l 
r e g a r d l e s s of the pa r t i cu la r values of the s eve ra l I ' s . 
The number of lines observed in the ESR spectrum for a given free 
n 
rad ica l will never be g rea t e r than7T(2I + l)> but l t may be less than this 
i = l l 
20 
number . The usual reason for observing less than the theoret ical number 
of spec t r a l lines is that severa l coupling constants a re simple multiples of 
each o ther . 
The synthesis of ESR spectra is discussed in chapter 1 of the text 
by Ingram [33j| • 
F r o m the viewpoint of e lec t rochemis t ry ESR spec t ra have two useful 
fea tures . The first is that spec t ra yield a consis tent set of coupling 
constants which can be used to charac te r ize the free rad ica l . Second, the 
intensity of the signal can be used to determine the number of unpaired 
spins p resen t in the ce l l . 
Ingram[33j has descr ibed two schemes for the determinat ion of the 
number of unpaired spins in the test volume within the microwavecavi ty . 
He has outlined an absolute calibrat ion of the spec t romete r employing a p -
propr ia te equations and instrument p a r a m e t e r s . He has a lso descr ibed a 
re la t ive cal ibrat ion against a sample containing a known number of unpaired 
spins . F o r the latter scheme he suggests as a standard the stable rad ica l , 
1, l -d iphenyl-2-picrylhydrazyl which has one unpaired electron per molecule, 
B . Consideration of Consecutive One.-Electron Elec t rochemica l Reductions 
Several possible cases for an overall two-elect ron reduction a r e 
shown be low 
O z = * Z r = ± R , (37) 
O ^ z Je_^ R ^ ( 3 g ) 
O - i 2 * Z ^ ± R , (39) 
and O - i £ * Z - iL> . R . (40) 
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The double a r r o w s signify a revers ib le p r o c e s s . A single a r r o w signifies 
an i r r eve r s ib l e s tep where the back r eac t i on is negligible at the potentials 
of i n t e re s t . These four cases cons ider only e lec t rochemica l s teps and do 
not consider the poss ible chemical fates of Z and R. The notation used is 
that of Berz ins and Delahay ^37^ . The spec ies Z would be a free radical 
while R would be a carbanion. Equations (37) to (40) in the notation of 
Elving and Pul lman [j3] would co r respond to (23) and (26) or (27). 
F o r the above cases let us consider the qualitative fea tures of the 
cur rent -vol tage cu rves a t a dropping m e r c u r y e lec t rode . In all four cases 
these curves would have two breaks if the potential-de pen dent ra te for the 
second e lec t ron t r a n s f e r is smal l compared to the f i rs t when r e f e r r ed to a 
common reference potent ia l . Each b r e a k could be descr ibed by the a p -
propr ia te cur ren t -po ten t i a l - t ime equation for e i ther a r eve r s ib l e or i r -
r eve r s ib l e p r o c e s s . The revers ib le case is descr ibed by (41) which was 
der ived by Heyrovsky and Ilkovic [38] , 
„ ^ o RT . 
E = E + In 
nF 











In V1 (41) 
where (f) is an act ivi ty coefficient and the other symbols have the i r usual 
meaning. The i r r e v e r s i b l e cu r r en t -po t en t i a l - t ime equation has a l r eady 
been presented (f34). 
F o r all potentials from the commencement of the f i r s t wave to the 
diffusion-limited c u r r e n t of the second wave , there would be a significant 
concentrat ion of Z p re sen t during the e l e c t r o l y s i s . Up to the potentials 
where the second e lec t ron addition becomes important the formation of Z 
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would be 100% c u r r e n t efficient. 
The re would only be a single wave in the current -vol tage curve if the 
second e lec t ron addit ion is driven far to the right at potentials where the f i rs t 
process becomes impor tan t . For all four c a s e s there would never be a s i g -
nificant concentra t ion of Z a t any potent ial . The cur rent -vol tage curves for 
sys tems like (39) and (40) could be descr ibed by the equation for totally i r -
r eve r s ib l e polarographic waves (34). F o r a sys t em such a s (37) the c u r r e n t -
voltage curve could be descr ibed by (41) while the express ion for the cu r r en t -
voltage curve for (38) would be complex [37j . 
If both e l ec t ron t ransfer p roce s se s become important in the same 
potential region, a t each potential there will be a finite concentra t ion of Z 
present a t the e lec t rode su r face . The c u r r e n t efficiency for the formation 
of Z would a t a l l potentials be less than 100%. Berzins and Delahay |37j 
have t rea ted r igorously the cur ren t -vo l tage cu rves for sys tems (38) and 
(40). F o r the i r der ivat ions they considered semi-infinite l inear diffusion 
as to sole means of m a s s t r anspo r t . 
In o rder to c a r r y out calculations of this type, the c u r r e n t must be 
assumed to be the sum of two components , a s sumed to be the sum of two 
components: 
K , = 1~ /r, + i™ ;„ • (42) 
total 0/Z Z /R x 
The first component is for the O/Z couple, while the second component is 
for the Z / R couple . The calculation of c u r r e n t for the O/Z couple is r e l a -
tively s t ra igh t forward . F o r the i r r eve r s ib l e case it is (34) while the ca l -
culation for the r eve r s ib le case is shown below: 
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1 .o 
i = nFAD? C" T-T — - T . (43) 
U U ^*2«.2 1 1 1 A ^ /TTT121 7T2t2 (i + e |D0/D|J|*) 
C Q (0 , t ) f _ 
where 0 = - = -f- exp n F ( E - E )/RT . (44) 
cz(o, t) *o
 L 1 - 1 
The quant i t ies C (0, t ) and C„ (0, t) which a r e functions only of time and 
O CJ 
potential correspond to the surface concentra t ions of Oand Z . The value 
of 0 is fixed by the applied potential , E . * 
The calculation of the contribution to the c u r r e n t for the Z / R couple 
would be much more complex. When O is reduced to Z , the molecule Z has 
th ree possible fates; it could be reduced to R, be re-oxidized to O or it 
could diffuse away from the e l ec t rode . Cons idera t ion of the diffusion of Z 
v e r s u s its further reduct ion is the key of the Berz ins and Delahay app roach . 
F o r the case of two consecutive i r r e v e r s i b l e reduct ions , (40), 
Be rz in s and Delahay used a balance for Z a t the e lec t rode surface a s one 
of the boundary condit ions. in the solution of the diffusion prob lem: 
C° kx exp(k j t /D 0 ) e r f c f k ^ / D j ) - ^ C ^ O . t ) 
+ Dz [>Cz<x,t)/3xJ,x=o =0. (45) 
The f i r s t t e r m of (45) co r responds to the e l ec t rochemica l ra te of format ion 
of Z a t the electrode sur face , the second t e r m cons ide r s the e l ec t rochemica l 
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rate of reduction of Z to R , while the third term considers the rate of dif-
fusion of Z away from the electrode surface. The subscripts 1 and 2 refer 
to the heterogeneous rate constants for the first and second electrons 
'i 
respectively. The calculated current-potential-time equation is shown 
below: 





2 m 2 exp(k2t/D0) erfc(k2 t
2/D2 ) 
-exp (kjt/Dz) erfcfk^/Dl ) 
(46) 
It is now possible to calculate the current efficiency for the formation of 
Z as a function of potential. This can be done by dividing the current for 
the O/Z couple by the total current as given below. 
CEZ = 
O/Z 
X0/Z + XZ/R 
(47) 
For the case of a reversible reduction preceding an irreversible one, 
(38), Berzins and Delahay again used the concept that the total current is a 
sum of two components, (42), To solve the boundary value problem, they 
used as one boundary condition the sum of fluxes of 0, Z, and R at the 
electrode surface, as given below: 
DQ [dC0(x,t)/ax] ^ o + DzJsCz(x,t)/*x] 




The cur ren t -po ten t i a l - t ime equation is given by the following expression: 
nFAC° r 
°-T K / t i t ) 2 
k£20+(DZ/D )H 
— 2—£ ~* exp ( a ' t ) erfc(at 2 ) | , (49) 
© "MVV 
•fc(at
where O is defined by (44) and (a), as given Jay 
a = k /©D 2 + D2Z . (50) 
By the use of (47) it is possible to calculate a current efficiency for the 
formation of Z when the proposed mechan ism, (38), is a sequential 
r e v e r s i b l e - i r r e v e r s i b l e p r o c e s s . 
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IV. EXPERIMENTAL 
A . Electron Spin Resonance 
A Varian V-4500 spectrometer with 100 kc modulation and a six-
inch electromagnet was used for all experiments where electron spin 
resonance absorption spectra were taken. The microwave cavity was 
fitted with a modified Varian V-4548 aqueous sample cell. The cell was 
modified by removal of the T 7/25 joint which was replaced with a §? 14/35 
male joint. 
The display of the spectrometer was a first derivative of the 
absorption spectrum presented on a Sargent SR recorder which had a 
one-second pen response. 
B. Electrochemistry 
1. Electrode design for electrolysis within the microwave 
cavity of the ESR spectrometer 
An electrode was constructed (Figure II) similar in design 
to the electrode of the Varian V-4556 electrolytic cell. This electrode 
was employed in connection with a Kelley-Fischer-Jones ["391 three-electrode 
controlled-potential polarograph. The working electrode was made of 54-
mesh platinum gauze obtained from J. Bishop and Co. , Malvern, Pennsyl-
vania. The gauze was fused to one end of a piece of platinum wire sealed 
in a 3 mm od soft glass tube which passed through one hole of a 2-hole #2 
rubber stopper. The other end of the platinum wire was silver soldered 
to a copper lead extending the length of the soft glass tube. The copper 
wire was then connected to the appropriate lead of the polarograph. 
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The reference electrode was an Ag/AgCl e lectrode. The si lver 
wire , .020" diameter, was wrapped about the 3 mm o.d. glass tubing which 
contained the lead to the working electrode. Five or six helical turns of 
this wire were anodized at low current in a NaCl solution. The Ag/AgCl 
electrode was positioned as c lose to the working electrode as possible. 
The remaining silver wire was insulated from the solution by a coating of 
glyptal res in . The s i lver wire passed through the same hold in the rubber 
stopper on the 3 mm o . d . tubing. Several turns of bare wire were then 
placed about the glass tube so that the alligator clip of the reference lead 
of the polarograph could be attached. A leveling bulb was connected through 
the second hole of the rubber stopper. 
The counter-electrode was a piece of platinum foil placed in the 12 
mm o..d„ glass tubing which acted as a reservoir at the top of the cel l . 
This reservoir was connected to the top of the aqueous sample cel l by a 
section of 3 mm o. d* glass tubing with a S1 5/20 glass joint. 
When in place in the ce l l , the resistance measured between any pair 
of e lectrodes by Industrial Instruments Model RC Conductivity bridge was 
less than 20, 000 ohms. 
The working electrode was plated with gold from an alkaline cyanide 
bath by the method of Blum and Hodgson 1401 . It was then dipped into a pool 
of mercury. The excess mercury was removed by suction. After each day 
of use , usually only one electrolysis experiment per day, but after less 
than 6 to 8 hours of use , the mercury and gold were removed with aqua 
regia and the electrode replated just prior to the next experiment. From 
54 mesh Pt gauge 
3 mm o.d. soft glass 
Ag/AgCl Electrode 
#3, 2 Hole rubber stopper 
Reference electrode lead to polaro-
graph 
Tube to leveling bulb 
Working electrode lead to 
polarograph 
Figure II 
Working and Reference Electrode Arrangement. For in situ 
Electrochemical Generation in a Varian Aqueous Sample Cell. 
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t ime to time the Ag/AgCl reference electrode was cleaned and repla ted . 
The typical piece of platinum gauze for the working electrode was 
3 .0 to 3.3 cm long and .3 cm wide, that i s , the average electrode was 60 
to 65 s t rands of wire long and 6 to 7 s t rands of wire wide. For the wire 
used in 54-mesh gauze, .010 cm in d iamete r , this s ize gauze would give 
2 
a projected a rea of .40 cm per s ide . 
The rubber s topper holding the reference and working e lec t rodes was 
inse r t ed into a glass tube with T 14/35 joint . This tube was connected to 
the aqueous sample ce l l . The gauze electrode was positioned vert ical ly 
in the flat portion of the cel l such that the tip of the gauze was always slightly 
above the ver t ical cen te r of the ce l l . It was difficult to obtain a reproducible 
l a t e r a l position of the e lec t rode as the electrode tended to fall to the side 
of the «_i\l. The aqueous cel l with electrodes was positioned ver t ical ly in the 
microwave cavity of the spec t romete r in such a way that the center of the 
f l a t p a r t of the cell was in the center of the microwave cavity. The wave 
guide and microwave cavity were then placed in thei r proper position with 
r e s p e c t to the pole pieces of the e lec t romagnet . 
After the ce l l , e l ec t rode , and microwave cavity were in p lace , the 
s y s t e m was flushed with Linde H . P . dry nitrogen before the e lec t ro lys is 
solut ion was added. During e lec t ro lys is a s t r e a m of nitrogen was passed 
into the previously deaera ted solution in the r e s e r v o i r to prevent oxygen 
f rom re -en te r ing the solution. 
2 . E lec t ro lys i s within the microwave cavity of the ESR s p e c t r o m e t e r 
Two types of e lec t ro lys i s were c a r r i e d out within the microwave 
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cavi ty . The f i r s t was designed to produce a sufficient quantity of radical 
so that a h igh-re solution e lect ron spin r e sonance spec t rum could be obtained 
The second type of exper iment was designed to obtain a re la t ive m e a s u r e of 
cu r ren t efficiency for radical format ion a s a function of applied potent ial . 
The f i r s t type of experiment was c a r r i e d out in buffered solutions 
s eve ra l mi l l imolar in e lec t roact ive spec ies while the total concentra t ion on 
al l forms of the buffer was . 16 m o l a r . The applied potential was adjusted 
so that an e lec t ron spin resonance absorp t ion signal was observed; the 
applied potential was then adjusted sl ightly to maximize the s ignal without 
exceeding the c u r r e n t capacity of the po la rograph . During the recording of 
the spect rum an effort was made to keep the cur ren t constant by adjusting 
the applied potent ia l . In the cases of t r ans i en t radicals the c u r r e n t s were 
in the range of 100 to 600 m i c r o a m p e r e s while for stable rad ica l s the c u r -
ren t s which were allowed to flow were usually an order of magnitude 
s m a l l e r . 
The record ing of a h igh- reso lu t ion e lec t ron spin resonance spec t rum 
required in most ca ses 15 minutes , dur ing this time cu r r en t may have fluc-
tuated as much a s + 15% in the case of high c u r r e n t s , but less for the 
sma l l e r c u r r e n t s . In the same time in terva l the e lect rode potential for 
the cases of la rge cu r ren t s was made m o r e cathodic by 20 to 40 mv , while 
for the sma l l e r c u r r e n t s the potential was made more cathodic by less than 
20 mv. After each spec t rum was r eco rded , the solution in the ce l l was 
agitated to rep lace both the depleated e lec t roac t ive species and the buffer. 
If severa l h igh-resolu t ion spec t ra were r eco rded without in te rmedia te 
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agitation, the signal intensity may have fallen for the last relat ive to the 
f i rs t , but no change in s p e c t r u m was detected. 
The operational p a r a m e t e r s for the spec t rome te r varied f rom run * 
to run but a typical se t had modulation amplitude 10 or l e ss , k lys t ron power 
attenuation 4.00 or more and signal intensity level 500 or l e s s . In many 
ca se s the modulation was dec reased to 6, attenuation increased to 5. 00 and 
signal level decreased to 100. The signal to noise ratio for high-resolut ion 
spec t r a was always bet ter than 2 0 to 1. 
In exper iments where relative cu r ren t efficiencies were m e a s u r e d , 
the electroact ive species was approximately ten mil l imolar while the total 
concentrat ion of buffer in a l l its forms was . 16 m o l a r . To obtain the 
re la t ive current efficiencies the electrode potential was applied and an ap-
proximate steady state c u r r e n t measured (+ 10%). Simultaneous with the 
c u r r e n t measu remen t , an e lec t ron spin resonance absorption s p e c t r u m with 
large modulation was rapidly recorded . The sweep time was about two 
minutes . The typical spec t rome te r settings were modulation, 300 to 800, 
k lys t ron powe r al tenuation, 4 . 5 , and signal intensity level, 20 to 250. 
The intensity w a s measu red from peak to base line in mi l l ime t e r s . F o r 
many of the potent ia ls , repl ica te measu remen t s of cur ren t and ESR 
signal were made and these always agreed to be t ter than 20%. If the 
signal intensity level was changed during a par t i cu la r ser ies of r u n s , a l l 
intensity measurements were normalized to a common signal level . 
3 . Observations on radical stability 
Exper iments s imi la r to those for determination of re la t ive 
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cur ren t efficiency proved useful for determining radica l stabil i ty. A steady 
state in both electrolysis cu r r en t and e lec t ron spin resonance signal was 
obtained. The e lect rolys is was then discontinued, and the decay of the 
e lec t ron spin resonance signal was followed. F o r radica ls which decayed 
rapidly, the applied magnetic field was not a l t e red during the decay study. 
F o r rad ica ls which decayed slowly the entire s p e c t r u m was rapidly scanned 
s eve ra l t i m e s . For shor t - l ived rad ica l s , a twe lve - inch-per -minu te char t 
drive was used on the Sargent SR r e c o r d e r , but for long-lived or stable 
radica ls a one- inch-per-minute r ecorde r char t drive was employed. Dupli-
cate runs were always made for the radicals which decayed rapidly. The 
electron spin resonance signal intensity was measured from the base line 
to the maximum deflection of the second derivative s ignal . 
4 . Polarography 
Po la rograms were run on ahquots of the solutions employed 
for in s i tu generation of free radicals . The po la rograph employed was 
the same three-e lec t rode polarograph a l ready descr ibed 39 . The 
re fe rence electrode was an Ag/AgCl electrode and the counter electrode 
was a sa tura ted calomel e lec t rode . The cell employed was a fifty-miili-
l i te r beaker fitted with a rubber s topper . A gas d ispers ion tube using 
Linde H . P . dry nitrogen was used to deaerate the solution. 
The polarography of mtroferrocene was c a r r i e d out in a conventional 
"H-Ce l l " which had a 10 mi l l i l i te r sample compar tmen t , s intered glass 
disk, a g a r plug, and internal saturated calomel re fe rence electrode 
S . C . E . This reference e lect rode was constructed by the method descr ibed 
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by Meites f t y . The sample compar tmen t was wrapped with black e lec t r i ca l 
tape to exclude light and the polarographic exper iments were c a r r i e d out 
in a darkened r o o m . The dropping m e r c u r y electrode employed was a l so 
of a conventional design consisting of a six inch piece of Marine B a r o m e t e r 
Tubing obtained from Corning Glass W o r k s . The c h a r a c t e r i s t i c s of this 
capi l lary were de te rmined at 60 c m . head of mercury in 25% v / v 
E tOH/H-O. At - . 5 0 v vs S . C . E . the d r o p t i m e , 2 ? , was 4 . 86 s e c / d r o p , 
while the m a s s flow rate of m e r c u r y , m , was 1.765 m g / s e c ; the quantity 
2 /3 .--1/6 
m & a t - . 5 0 v S . C . E . was ca lcula ted to be 1.899. 
The polarograph employed for the ni t roferrocene studies was a 
Sargent XV polarograph modified with a "one second" pen drive motor . 
5. Solutions 
The solutions of the s e v e r a l nitrocompounds investigated 
were p repa red a s follows: A known amount of nitrocompound was dissolved 
in sufficient 95% ethanol so that the final solution would be 50% v / v 
E t O H / H „ 0 . After the nitrocompound dissolved completely the buffer 
const i tuents were added such that the total concentrat ion of a l l forms of 
the buffer was . 16 mo la r , while the ch lor ide ion concentrat ion f rom ei ther 
KCl or HC1 was 10 or .20 M. The concentra t ion of d ive r se e lec t ro ly te , 
KC1, was in a l l c a s e s g rea t e r than or equal to . 10M but less than .20M. 
Sufficient water was added to insure the des i red 50% v / v E t O H / H _ 0 . The 
ra t io of protonated to unprotonated forms of the buffer was in the range of 
7/1 to 1/7. 
Solutions of ni t roferrocene for polarographic invest igations were 
p repared by de te rmina te weighirg and subsequent dissolving of n i t rofer rocene 
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in 95% EtOH contained in a ruby, an t i -ac t in ic volumetr ic flask. An aliquot 
of this stock solution was pipetted into a second volumetric flask which 
a l ready contained the buffe r cons t i tuents , KCl, and sufficient EtOH such 
that when diluted to the mark with wa te r , the total concentration of a l l forms 
of the buffer was .080M, .20M in KCl and 25% v /v E t O H / H O . These solu-
tions were prepared in a darkened room and s tored in the dark until used. 
The exper iments were designed such that in most c a s e s , the ra t io of p r o -
tonated to unprotonated form of the buffer var ied between 1/4 to 4 / 1 . The 
water used was singly disti l led after it had been deionized. The buffer 
sys tems employed were acet ic a c id - ace t a t e , dihydrogenphosphate-mono-
hydrogenphosphate and " T r i s " . 
In exper iments which were designed to compare the polarographic 
behavior of ferrocene and n i t rofer rocene , ni trate replaced chlor ide as the 
anion of the diverse e lec t rolyte and the solutions were 50% v /v EtOH/H O. 
Solutions of fe r rocene for polarographic investigations were p r e -
pared in a manner s imi la r to those for n i t rofer rocene except that the sup-
porting electrolyte contained no added chloride ion and that the solvent 
was 50% v/v E tOH/H-O. No buffer was employed since no protons a r e 
involved in the e lec t rochemica l oxidation. 
All pH m e a s u r e m e n t s were made using the mic ro e l ec t rodes of a 
Model G Beckman pH m e t e r . These e lec t rodes were s tandardized against 
the appropr ia te aqueous reference buffer solution obtained from Leeds and 
Northrup Co. The balance employed was a Mett ler type H-16 single pan 
balance . 
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6 . Reagents 
All chemicals used in this study were reagent grade meeting ACS 
specifications except those listed below. 
D O was batch X DC 99.5% D O obtained from General Dynamics 
Corpora t ion , Liquid Carbonic Division, 767 Industr ia l Road, San C a r l o s , 
Ca l i fo rn ia . 
4, 4 ' -dipyridyl dihydrochloride was obtained from Aldrich Chemical 
C o . , I n c . , 2369 N. 29th S t . , Milwaukee 10, Wisconsin. 
1, l -d iphenyl-2-picrylhydrozyl , DPPH, was obtained from the 
Aldr ich Chemical Co. , Inc. 
N ,N , -d ime thy l -4 ,4 , -d ipy r idy l (methyl viologen) was lo t297895 
obtained from K & K Labora to r i e s , I n c . , 177-10 93rd Ave. , J ama ica 33 , 
New York. 
The severa l nitrocompounds were a l l Eas tman "White Labe l" 
obtained from Eas tman Chemical Co. and used without further pur i f ica-
tion. They were : l -ch loro-4-n i t robenzene , l -ch loro-3-n i t robenzene , 
pa r a - n itr obenz oic acid and para-n i t roaniso le . 
N-methylpyridynium iodide was p repa red by the method of P r e s c o t t 
(42j. The melting point of the twice- r e c r y s t a h z e d product was 116 .5-
o o 
117 C, while the l i t e r a tu re value is 117 C . 
Ni t roferrocene was kindly provided by D r . K. L. Rinehart of 
these l abo ra to r i e s . It was p repared by the method of Gruber t and 
Rinehar t (£3 • The recrys ta l l ized product provided was chromatographed 
according to the following procedure: a .5 g r a m sample of n i t roferrocene 
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was dissolved in 200 ml of 3:1 v /v benzene/pentane and added slowly to a 
2 x 26 c m . column containing 96 g Merck Neutra l Wash Alumina . The 
adso rbed ni t roferrocene was eluted with additional mixed solvent . The 
leading and trai l ing edges of the band were discarded and only the center 
por t ion was re ta ined. The solvent was removed slowly at room t empera tu re 
under vacuum. The melting point of the resul t ing red c r y s t a l s was 128.0-
o 
128.5 C. The melting point when r ec rys t a l i zed f rom cyclohexane is r e -
'? 
por ted to be 130°C J43] . Analysis yielded: C, 52 .43 ; N, 6 . 0 3 ; H, 3 .99 . 
T h e o r e t i c a l values for C . - H O NFe a r e C, 51 .99; N, 6 .06; H, 3 . 9 3 . 
F e r r o c e n e was obtained f rom the Ethyl Corpora t ion and used without 
fu r the r pur i f icat ion. 
Sodium 1-nitrocyclopentadieneide was kindly provided by D r . K. L . 
R i n e h a r t of these labora tor ies , . It was p repa red by the method of Thiele |44j 
2 -Amino-2- (hydroxymethy l ) -1 , 3-propanediol was E a s t m a n technical 
Grade #T-370 used without further pur i f icat ion. This reagen t has the c o m -
mon names of " T r i s " or " T a m " , and is used as a buffer with a pKa = 8 . 3 . 
The m e r c u r y used was purified by aera t ion while under dilute n i t r ic 
a c i d . After pinholing the m e r c u r y was dist i l led once under vacuum. 
7 . Coulometry a t a m e r c u r y m a c r o - e l e c t r o d e 
The e lec t ro lys is ves se l used in these studies was a 200 ml e l ec t ro ly -
s i s b e a k e r . The e lec t rode a r r a n g e m e n t was s imi l a r to that shown by 
Lingane £&$} except the counter e lec t rode was an SCE. P o l a r o g r a m s of 
the catholyte were recorded at in te rva l s during the e l ec t ro ly s i s using a 
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Sargent XV polarograph. Linda H . P . dry nitrogen which had been passed 
through a gas wash bottle containing V(II) was used to purge the sys tem 
of dissolved oxygen. A Sargent Coulometric Current Source, Model IV, 
(E. H. Sargent and Co. , Chicago, 111.) was employed as the constant cur-
rent source. Vigerous stirring was provided by an overhead Bodine Motor 
Model 102 manufactured by Tolboys Instrument Corp. , Emerson, N . J . 
Currents of 9.65 ma were passed; with an electrode area of 20 
2 , 2 
cm , the current density was therefore .5 m a / c m . 
The catholyte volume was 120 ml . This solution was .02 M 
NaClO. and .04 M NaOH and contained 2 .01 mill imoles of N-methylpyridinium 
Iodide. The concentration of reducible species was therefore 16.7 mil l i -
molar. The e lectrolysis was carried less than 35% to completion to insure 
that complete concentration polarization of N methylpyridinium ion was 
not achieved. 
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V. RESULTS AND DISCUSSION 
A. E lec t rode Design and E lec t rochemica l Measurements in the ESR 
Spec t rome te r 
The advantage of the cel l used in this study over those descr ibed 
previous ly in the l i te ra ture is that a large m e r c u r y sur face is available to 
pe r fo rm the e l ec t ro ly s i s . The ce l l descr ibed by Maki and Geski J46j was a 
3 mm . . tube with a m e r c u r y mic ro-poo l at its base . Such a cell is 
2 
l imited in e lec t rode surface a r e a , " ^ . 0 2 5 c m . The amalgamated gauze 
2 
used in these exper iments had a working a r ea of ***\ c m . The pool e l e c -
t rode is a l s o undesirable because the res i s tance of the solution between 
the re fe rence and working e lec t rode becomes apprec iable in cel ls of such 
r e s t r i c t e d d imens ions . P ie t t e , Ludwig and Adams [l5j have recently 
desc r ibed the use of the Varian aqueous sample cell half filled with m e r c u r y . 
This e l ec t rode a r rangement is a l so r e s t r i c t e d in surface a r e a and high in 
r e s i s t a n c e . The cel l used in the p resen t studies had less than 20,000 ohms 
re fe rence to cathode res i s t ance which is an improvement but st i l l significant. 
The polarograph J3SJJ employed in this study is far super ior to the 
conventional two elect rode polarograph when per forming e lec t rochemica l 
expe r imen t s in sys tems with high r e s i s t a n c e . The vi r tue of the t h r e e -
e lec t rode s y s t e m is that a potential can be imposed between the working 
e lect rode and the reference e lec t rode while the cu r r en t is drawn between 
the working e lec t rode and the counter e l ec t rode . The major advantage is 
that the cathode potential with r e spec t to the reference is direct ly controlled 
r a t h e r than depending upon total cel l emf as in the two-e lec t rode s y s t e m s . 
The t h r e e - e l e c t r o d e sys tem employed here has a fur ther advantage in that 
39 
the potential control c i rcu i t and c u r r e n t measu remen t c i rcui t a re independent. 
The e lect rode geomet ry employed in these studies has an advantage in that 
the reference e lec t rode is not interposed between the working cathode and the 
counter anode, but r a t h e r is located behind the working cathode; thus , the 
re fe rence e lec t rode is out of the field of the cathode and counter e l e c t r o d e s . 
The applied potential can then be r e l a t ed to potentials applied in 
sys t ems where " iR" drop is unimportant . A compar ison of ESR-potent ia l 
da ta to conventional polarographic data is now possible this is a p roper ty 
not available in the e a r l i e r s tud ies . 
B . Cal ibra t ion of the ESR Spec t romete r 
Of the two methods proposed by Ing ram J33J to ca l ibra te an ESR 
s p e c t r o m e t e r , a re la t ive cal ibrat ion using a sample with a known number 
of spins is the mos t convenient . 
The s p e c t r o m e t e r used in these exper iments was ca l ibra ted in two 
w a y s . The f i r s t was the relative ca l ibra t ion technique suggested by Ingram 
using 1, l -d iphenyl -2-p ic ry lhydrozyl , D P P H . Benzene solutions of DPPH 
-4 
were p repa red de te rmina te ly from the solid. ESR spect ra of 1 x 10 , 
-5 -5 
2 . 5 x 10 and 1 x 10 M solutions were recorded under the following 
ins t rumenta l condit ions: modulation of 100, klystron power at tenuation of 
-5 4 .50 and signal intensity levels of 200 (400 for the 10 M solution). The 
aqueous sample ce l l with the gauze e lec t rode was used. Under these con-
ditions the s p e c t r u m is reduced to 5 lines and measurements were made 
a t the maximum of the cen te r der ivat ive peak . The signal to noise rat io 
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-4 -5 
under these conditions is 35:1 for 1 x 1 0 M, 10:1 for 2 . 5 x 1 0 M and 
-5 
4:1 for 1 x 1 0 M DPPH. These spec t ra were not doubly integrated a s 
suggested by Ingram but r a the r they were used as a quali tat ive guide to the 
number of spins that could be detected with a given s ignal to noise ra t io . 
Since the DPPH radicals were uniformly distr ibuted throughout the cavity 
r a t h e r than localized in the vicinity of the gauze e lec t rode as were the 
e lec t rochemica l ly generated r a d i c a l s , this type of cal ibrat ion can only be 
qual i ta t ive in nature . The p rob lem of uniform ve r sus non-uniform radical 
d i s t r ibu t ion is important because the sensit ivi ty of the s p e c t r o m e t e r ' s de -
tection sys tem is a maximum at the vert ical cen t e r of the ceil and falls 
nonlinearly to zero a t the top and bottom of the c e l l . 
The second ca l ibra t ion p rocedure employed was an e lec t rochemica l 
genera t ion of meta-chloronitrobe-nzene anion rad ica l m ace ton i t r i l e . The 
advantage of this second ca l ibra t ion procedure is that the radical is gene r -
ated in the same manner and posit ion as in the e l ec t rochemica l e xpe r i m en t s . 
A given number of coulombs was passed and the ESR signal measured under 
conditions used for the relat ive efficiency and re la t ive intensity s tudies . 
It was a s sumed that the ArNO. r a d i c a l was genera ted with 100% cu r r en t 
eff ic iency. Such an assumpt ion seems war ran ted when acetoni t r i le is 
the solvent based on e l e c t r o c h e m i c a l and ESR exper imen t s of Maki and 
Geski (T3, 46] . E lec t ro lys i s c u r r e n t was passed for about 4 seconds to 
gene ra t e meta-ch loroni t robenzene anion rad ica l . ESR spect ra were r e -
co rded during generat ion and for t imes after generat ion until the ESR 
signal was indistinguishable f rom background. The radica ls were observed 
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to decay with a half-life of 18 seconds for at least 4 ha l f - l ives . This t ime 
is comparable to the half-life observed for the disappearance of these radicals 
in the aqueous e x p e r i m e n t s . 
In various exper iments the quanti ty of e lec t r ic i ty passed was suffi-
14 14 
c ient to genera te f rom . 8 x 10 to 10 x 10 radica ls if the p r o c e s s was 
100% cur ren t efficient. The chart d i s p l a c e m e n t from the base line ex-
14 
t rapolated to ze ro t ime was 170 mm for 8. 3 x 10 rad ica l s , 70 m m for 
14 14 
5. 8 x 10 radica ls , 65 mm for 5. 0 x 10 radicals and 35 mm for 
14 14 
2 . 2 x 1 0 r ad i ca l s . The average was 6. 8 x 10 radicals per 100 m m of 
char t d isp lacement . The noise level was 1 mm on ei ther side of z e r o . 
The spec t rome te r se t t ings were modulation, 800, signal level, I60,and a t -
tenuation, 4 . 5 0 . Under these conditions the spec t rum is reduced to 8 
lines and measurements were made at the maximum deflection of the 
der ivat ive s p e c t r u m . 
Although the s i te of radical formation is the same in the aqueous 
and non-aqueous e x p e r i m e n t s , the r ad ica l concentration profile within 
the cel l is not the s a m e because of different e lec t ro lys is t i m e s . The uni-
form distr ibution in the DPPH case v e r s u s the ex t reme localization of 
the e lec t rochemica l ly generated rad ica ls a r e the two ex t remes of possible 
concentrat ion p ro f i l e s . An upper and lower l imit of radical concentra t ion 
can be made by using e s t ima tes based on both the uniform and the localized 
concentra t ion p ro f i l e s . Under s p e c t r o m e t e r modulations employed the 
seve ra l spec t ra r eco rded were not single line s p e c t r a . Under these con-
dit ions different hyperfine s t ruc ture will be "added together" by the modula-
tion in different ways ; thus , the deflection of the derivative s p e c t r u m 
observed wilL only be a quali tat ive guide to compair the number of unpaired 
spins p resen t for two different r ad i ca l s . These e s t ima te s a r e designed 
to give o rde r of magnitude e s t i m a t e s , so that in l a t e r exper iments the 
quest ion whether rad ica l s play a major or minor ro le in the e l ec t rochemica l 
mechan i sms can be reso ived . 
C. Aromat ic Nitrocompounds 
1. Analys is of spec t ra 
ESR spec t ra a r e observed during the e lec t ro lys i s of both 
m e t a - and p a r a - ch loroni t robenzene , (Figure III), pa ra -n i t roan i so le , and 
para -n i t robenzo ic acid, (Figure IV). Fo r the c a s e of m e t a - c h l o r o m t r o -
benzene the same radical is observed in aceta te buffers and unbuffered, 
solution, but no radica ls a r e observed in .05 and . 10M strong acid. 
par a-Chloroni t robenzene and para -n i t roan i so le r ad ica l s a re observed 
in aceta te buffer, but not in s t rong acid. The same radical of p a r a -
nitrobenzoic acid is observed both in acetate and " t r i s " buffer so lu t ions . 
The spect ra of al l nitrocompounds pos se s sed an obvious three-fold 
s y m m e t r y with an intensity r a t io of 1:1:1. This major splitting is a s c r i b e d 
to the nitrogen which has a nuclear spin of 1. E a c h of the 3 multiplets of 
the pa ra - subs t i tu ted compounds consis ts of nine l i nes . These split t ings 
a r e a sc r ibed to the two sets of two equivalent o r tho and meta ring protons 
which have a nuclear spin of 1/2. The ass ignment of a par t icu lar coupling 
constant to a par t icu la r set of protons cannot be done without unambiguous 
substi tut ion of deuterons for one se t of p ro tons . The ESR spec t ra of 
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F i g u r e III. ESR Spectra of pa ra -ch lo ron i t robenzene (A) and meta-ch loroni t robenzene (B). 
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meta-chloroni t robenzene may be in terpre ted a s a r i s i ng from three equiva l -
ent or nearly equivalent ring pro tons , and a fourth proton with a significantly 
different splitting cons tant . The determinat ion as to which three of the four 
r ing protons are equivalent again can only be achieved by substitution of 
deu te rons for pro tons . Substitution of chlorine a toms for protons in the 
case of semiquinones [47j does not appreciably a l t e r the spin density of 
the unpaired electron and therefore does not appreciably a l te r the split t ing 
cons t an t s . F o r this r e a s o n since both of the spli t t ing constants of m e t a -
chloroni t robenzene a r e approximate ly equal to those of p a r a - c h l o r o n i t r o -
benzene , the three equivalent protons a r e believed to be those protons 
or tho and para to the n i t rogroup . The smal les t coupling constant a 
is therefore assigned to the single proton meta to the n i t rogroup. 
Table I is a compilat ion of observed coupling cons tan ts . Severa l 
of the compounds were a l so observed to give radica ls in acetoni t r i le Jl3], 
their coupling constants a r e a l so included in the t ab le . 
P ie t t e , Ludwig and Adams [l4J have repor ted that the magnitude of 
the ni t rogen coupling constant in water is 3 to 4 gauss l a r g e r than for the 
rad ica l s from the same subst i tuted nitrocompound when generated in 
ace ton i t r i l e . This difference is a l so observed in the p r e sen t study. Such 
differences in nitrogen coupling constants could r e su l t f rom some solvent 
interact ion with the n i t rogroup manifesting itself as a change of the O-N-O 
bond angle and /o r the angle of the O-N-O plane re la t ive to the plane of the 
r ing . Other possible explanations could be that this radical observed in 
water resu l t s from a t h r e e - e l e c t r o n reduction of the nitrocompound, 
Table I 
ESR Coupling Constant in Gauss for Several Ni t roaromat ic 
F r e e Radicals 
C ompound Solvent N 
H 
1 
'H„ H , 
para-chloroni t robe nzene 
para-chloroni t robenzene 
para-ni t roanisole 
para-n i t roaniso le 
meta-chloroni trobenzene 
para-ni t robenzoic acid 
50% E t O H / H 2 0 13.08 
acetonitr i le 9.83 
50%EtOH/H 2O 14.35 
Acetonitri le 11.57 
50% Et OH/H zO 12.91 













. 3 (b 
.30 (a) 
(pH=4) 
(a), 2 equivalent spins of 1/2 
(b), 3 equivalent spins of 1/2 
(c), 1 spin of 1/2. 
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or that the radical observed is the protonated form of the one-e lec t ron r e -
duced species , ArNO_H (vida infra). 
A r ad ica l s p e c t r u m of meta -ch loron i t robenzene , I, is not 
observed in strong acid . A rad ica l is observed in 7:1 HOAc/OAc buffer 
and in unbuffered solution, but the spect rum is exceedingly weak. In 1:1 
and 1:7 HOAc/OAc buffers the spect ra observed a r e very in tense . 
Figure V is a p o l a r o g r a m of meta-chloroni t robenzene in 1:1 
HOAc/OAc buffer. P lo t ted on the same potential scale is the re la t ive ef-
f iciency for r ad ica l fo rmat ion . The relative efficiency was eva lua ted by 
dividing the s t eady s ta te max imum char t d i sp lacement of the ESR spec t r a 
by the steady s tate e l ec t ro ly s i s c u r r e n t . It can be seen that even at the 
polarographic half wave potent ial there is s t i l l a detectable quantity of 
rad ica l p r e sen t . 
Using the DPPH method of cal ibrat ion the steady state number of 
spins present is 1 x 10 . This es t imate was obtained by comparing the 
DPPH signal to noise r a t i o to the 70:1 signal to noise ratio of m e t a -
chloroni t robenzene rad ica l at - . 400 v versus Ag/AgCl (M/10 CI ). The 
es t ima te of the number of radica ls using e lec t rochemica l generat ion a s the 
15 
means of cal ibrat ion is 2 x 10 unpaired s p i n s . The dispari ty in total 
spins is probably due to three fac tors : the f i r s t is the obvious difference 
in concentrat ion profi le , the second is difference in spec t rum shape and 
the third and less likely is that the reduction of nitrocompounds in ace ton i -
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Figure V. E VS. Ag/AgCl (M/10 Cl~) 
Polarogram of meta-chloronitrobenzene (1) in u.a on the same potential 
axis as relative efficiency for radical formation (2) in units of stejady 
state spins per ua °f electrolysis current in 1:1 H0AC/0Ac~ buffer 
50^ v/v EtOH/H20. 
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The rad ica l s of meta -ch loron i t robenzene and pa ra -n i t robenzo ic 
acid in water a r e observed to decay when the e lec t ro lys is is discontinued. 
Both radicals decay by f i rs t o rde r k inet ics with a half-life of 24 seconds 
until the ESR signal becomes indist inguishable from background. This de-
cay time is too shor t to be due to diffusion e i ther out of the ce l l or from a 
region of high detection sensi t ivi ty to a region of low detect ion sensi t iv i ty . 
It has been shown £48j that for a p lanar e lec t rode when the diffusing species 
is concentrated a t the e lect rode sur face a t t = 0 that after t ime (t), the 
average value of the square of the d is tance from the electrode ( w h e a x ) 0) 
is that given below. 
( x 2 ^ = 2 Dt . (51) 
The r o o t - m e a n - s q u a r e distance t rave led f rom the e lect rode surface after 
- 5 2 - 1 -2 
48 seconds (2 half- l ives) assuming a D of 1 x 10 cm sec is 3. 1 x 10 
c m . This should be an upper l imit on the r o o t - m e a n - s q u a r e displacement 
occurr ing during the same time in te rva l in the decay studies d i scussed 
above. Since e lec t rochemica l genera t ion has been underway for at Least 
severa l minu tes , a concentrat ion g rad ien t of free radical about the e lectrode 
has been es tab l i shed . Under conditions of an a l ready es tabl i shed concen-
t ra t ion gradient the average value of the displacement of rad ica ls generated 
for a given t ime interval could be no g r e a t e r than if there were no es tabl ished 
concentrat ion grad ien t . Differences m spec t rome te r sensi t ivi ty with ver t ica l 
_2 
displacement of even 10 x 10 c m a r e not g r e a t e r than 10%. 
The concentra t ion profile es tab l i shed during the e lec t ro lys i s r e -
sembles that of a planar e lect rode a t d i s tances removed f rom the per iphery 
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of the gauze e l ec t rode . In the volume e lements between the seve ra l s t r ands 
of wi re making up the e lec t rode the concentrat ion profile should be quite 
c onstant with respec t to diffusion after the e l ec t ro lys i s is discontinued. 
F o r the above reasons it is felt that diffusion is not the major cause of the 
d e c r e a s e in s ignal . C o n v e c t i v c mass t r anspo r t probably occurs in this 
c e l l . Since convection in this cell comes about only from density g r ad i en t s , 
and s ince little density change should occur because during the e l ec t ro lys i s 
no m a t e r i a l is removed f rom solution, and since cu r ren t voltage cu rves on 
the gauze electrode a r e well behaved, any convection that does take place 
m u s t a t mos t only be comparab le to diffusion. 
The d i sappearance of radical must be chemical in na tu re . It is 
the re fo re proposed that the path for the d i sappearance of radical af ter d i s -
continuance of e l ec t ro lys i s is a redox react ion with some constituent in 
la rge e x c e s s , probably the solvent . 
P i e t t e , Ludwig and Adams Ql5] have recent ly reported observing 
ESR spec t ra of s eve ra l e lec t rochemica l ly genera ted radicals of m t r o a r o -
mat i c s in aqueous solut ion. They state that the half-lives for decay of these 
r ad ica l s in basic solut ion, pH 7-8 is 5 to 10 seconds . They at t r ibute this 
d e c r e a s e in ESR signal to diffusion of the radical completely out of the 
e l e c t r o l y s i s cell which was a Varian aqueous sample cel l half filled with 
m e r c u r y . Based on the calculation d iscussed above (51) such a decay in 
even 4 half-lives (40 s e c . ) could not be due to a significant diffusion of 
the r ad ica l over a 4 c m path needed to escape f rom the cel l . The d e c r e a s e 
in s ignal s t rength in thei r c a s e as in the case d i scussed above must be due 
to a homogeneous chemica l reac t ion . 
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The radical which is observed in water m u s t be identified in o rder to 
draw any conclusions about the mechan i sm which is opera t ing . Of the s e v e r a l 
conceivable radicals which could give r i se to the s p e c t r u m the least probable 
is the t h r e e - e l e c t r o n reduced s ta te because such a cha rge type is unlikely 
in solut ion. This objection becomes less ser ious if, in o r d e r to reduce the 
cha rge , s e v e r a l protons a r e added along with the th ree e l e c t r o n s . Pro ton 
spl i t t ings in the ESR s p e c t r u m other than that number expected from the 
s e v e r a l r ing protons a r e not observed . That the added protons should rapidly 
exchange with the envi ronment so that their spl i t t ings a r e not observed (vida 
infra) is difficult to r a t i ona l i ze . 
The radica l which is observed could r e su l t f rom a protonated one-
e l e c t r o n r a d i c a l . This s p e c i e s , ArNO„H, should have a spec t rum which 
differs f rom ArNO» in both the number of l ines and coupling cons tan ts . 
Spectra of ArNO_ have a l r e a d y been reported Ql3j. The protonated species 
has an odd number of spins and therefore should have no Line in the cen te r 
of the spec t rum; however, the observed spec t rum does have a line in the 
c e n t e r . If the proton of ArNO.H exchanged rapidly with its envi ronment , 
an upper l imit of the lifetime of the protonated fo rm can be set using the 




If the coupling constant , H, for the proton is jus t the magnitude of the 
observeo\ i ine width, .12 g a u s s , then A T would be 2 . 3 x 10 s ec . If 
the coupling constant is l a rge r than . 12 gauss , Z i£* would only be s m a l l e r . 
\ v 
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Since the same rad ica l for p ni t robenioic acid is observed in pH 7 
buffer as in pH 4 . 0 buffer and s ince the same rad ica l of m - c h l o r o n i t r o -
benzene is observed in pH 4 buffers and unbuffered solution (at the e lectrode 
surface pH*"^10), the species ArNO_H must e i ther be an exceedingly weak 
acid which exchanges its proton rap id ly with the environment or the 
species ArNO_H is not the entity caus ing the observed s p e c t r u m . 
F i e t t e , Ludwig and Adams Q.5J have a t t r ibuted the observed spec t rum 
to the anion radica l of the pa ren t ni t rocompound. Such an ass ignment seems 
w a r r a n t e d in view of the s i m i l a r i t y of coupling constants for radicals r e -
sulting f rom the same compound in both ace toni t r i le and w a t e r , Table I. 
The observed difference in coupling constants in the two solvents is be-
lieved to resul t f rom a solvation effect which causes e i ther a change in the 
O-N-O bond angle or the angle of the O-N-O plane relative to the plane 
of the r ing . 
Since the one-e lec t ron r a d i c a l of an a roma t i c nitrocompound is 
observed and is relat ively s table in w a t e r , the e l ec t rochemica l mechanism 
consis tent with these observa t ions is a se t of sequential one-e lec t ron steps 
which procede a t comparab le r a t e s . The f irst e lectron is probably added 
revers ib ly as shown by cyclic vo l t ammet ry Ll2, 15J and the revers ib le 
one-e lec t ron reductions in ace ton i t r i l e fji) . A mechan i sm consis tent 
with the ESR data presented he re and e lec t rochemica l data presen ted e l s e -



















2H * • — > 
NHOH 
(6) 
The i m p o r t a n c e of a o n e - e l e c t r o n r e d u c e d i n t e r m e d i a t e in t h e e l e c -
t r o c h e m i c a l r e d u c t i o n of a r o m a t i c n i t r o c o m p o u n d s can be d e t e r m i n e d by 
e v a l u a t i n g the e f f i c i ency for the e s c a p e of t h e r a d i c a l f r o m the e l e c t r o d e 
s u r f a c e . In the e x p e r i m e n t s w h e r e t h e s t e a d y s t a t e n u m b e r of f r e e r a d i c a l s 
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which have e scaped f r o m the su r face was d e t e r m i n e d , the r a t e of e s c a p e 
of the e l e c t r o c h e m i c a l l y g e n e r a t e d r a d i c a l , R , mus t be equal to the 
G S C cl p 6 
r a t e of bulk d i s a p p e a r a n c e via the homeogeneous r e a c t i o n d i s cus sed a b o v e , 
R B . D . : 
e s c a p e B . D . 
w h e r e R = k (ArNO~ ) , (56) 
T h e value of k f rom the f i r s t - o r d e r decay of the ESR s ignal eva lua ted when 
e l e c t r o l y s i s is d i scont inued is .0289 sec sp ins . The steady s t a t e n u m -
b e r of sp ins a t each potent ia l mul t ip l ied by the r a t e cons tan t k equals the 
r a t e of e s c a p e of f ree r a d i c a l s f rom the su r face of the e l e c t r o d e . The 
s t e a d y s ta te number of sp ins as shown in table II was evaluated using the 
e l e c t r o c h e m i c a l me thod of c a l i b r a t i o n . 
If the o n e - e l e c t r o n r educed s ta te was f u r t h e r r educed r a the r than 
diffusing away, the o b s e r v e d s t eady s ta te c u r r e n t a t e a c h potent ia l would be 
l a r g e r by the quanti ty l if the 3rd and 4th e l e c t r o n a r e added r ap id ly 
c o m p a r e d to the 2nd e l e c t r o n . 
3F 
i, = R ( ^ r ) . (5?) 
l o s t e s c a p e N 
In (57) F is the f a r aday , N is Avagad ros n u m b e r , and 3 is the n u m b e r of a d -
di t ional e l ec t rons n e c e s s a r y to r e d u c e the o b s e r v e d r a d i c a l to the pheny l -
h y d r o x y l a m m o n i u m ion. 
Table II 
Impor tance of the Anion Radica l of meta-ch loroni t robenzene as a Funct ion of Potent ia l in 1*1 
HOAc/OAc" Buffer and 50% v /v E t O H / H O Solutions 
vs Ag/Ag CI 
M/10 CL") 
- . 4 0 0 
- . 4 0 0 
- . 4 1 3 
- . 4 1 8 
- . 4 1 8 
- . 4 2 0 
- . 4 3 0 
- . 4 4 8 
- . 4 5 8 













Steady State N 
of Spins x 10" 
4 .37 
2 . 0 3 
1.88 
2 . 8 0 
2 . 7 3 
. 9 8 
2 . 1 8 
1.56 
. 86 
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3 Wz " *z 
4 i o/z 
13 .8 
8 .5 
7 . 0 
7 . 4 
7 . 3 
6 . 2 
5 . 0 
3 . 8 
2 . 2 
1.5 
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In the no ta t ion of B e r z i n s and D e l a h a y [37] the o b s e r v e d c u r r e n t , 
i , , is the s u m of i . ._ and i_ ,_ w h e r e Z is the f r ee rad ica 1 and R is 
t o t a l O/Z. L /R 
p h e n y l h y d r o x y l a m m o n i u m ion. F o r n i t r o c o m p o u n d s the d i f f e r e n c e be tween 
3i_ ,_ and i . is i, . Th i s is t r u e b e c a u s e if a l l the Z wh ich w a s f o r m e d 
O/Z. Z /K l o s t 
f r o m 0 did not diffuse, L . would be 3i ._ , bu t s i n c e s o m e Z is o b s e r v e d 
to e s c a p e f r o m the s u r f a c e not a l l the Z is r e d u c e d to R , t h e r e f o r e 3i .„ 
wi l l be g r e a t e r than i „ . . It is now p o s s i b l e to so lve f o r i n , 7
 a n d i„ . 
by us ing the t w o c u r r e n t equa t ions be low: 
l t o t a l B 1 0 / Z + l Z / R ' ( 5 8 ) 
a n d i, = 3i„ ._ - i„ .„ (59) 
l o s t O/Z Z / R • v ' 
C a l c u l a t e d v a l u e s of i n / „ and I / r> a s a func t ion of p o t e n t i a l a r e shown in 
t a b l e I I . 
T h e l a s t c o l u m n in t ab le II is a m e a s u r e of the f r a c t i o n of the 
t h e o r e t i c a l t o t a l c u r r e n t , 4 i - / 1 7 , w h i c h is l o s t due to di f fusion of Z away 
f r o m the e l e c t r o d e s u r f a c e . The e x p e r i m e n t a l l y o b s e r v e d c u r r e n t is a l -
m o s t 10% l e s s t h a n the t h e o r e t i c a l c u r r e n t . T h i s i n d i c a t e s that the f ree 
r a d i c a l is indeed i m p o r t a n t in the e l e c t r o c h e m i c a l r e d u c t i o n s c h e m e . 
If the n u m b e r of sp ins p r e s e n t a t the s t e ady s t a t e had been e s t i m a t e d , 
us ing the D P P H c a l i b r a t i o n p r o c e d u r e , the i m p o r t a n c e of the f r ee r a d i c a l 
would have b e e n g r e a t e r . 
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D. Nitroferrocene 
1. The e l ec t rochemis t ry of a romat ic nitrocompounds 
The chemica l l i tera ture contains numerous citations to 
s tudies of the e l ec t rochemis t ry of a romat i c ni trocompounds. The effects 
of pH and substitution on the descript ive polarography has been reviewed 
by Kolthoff and Lingane (49]. More recent ly C la rk jj£] has reviewed and 
re -examined the mechan ism of the e lec t rochemica l reduction of a romat i c 
ni t rocompounds. These reductions can be divided into two genera l groups ; 
vir tual ly a l l n i t roa romat ics fall into the f i r s t c lass while only o r tho- and 
pa j^ -mtrophenol and para-n i t roani l ine fall into the second class |49j . 
The most anodic reduction for the f i r s t type corresponds to a dif-
fusion controlled, four e lectron pH dependent p rocess yielding the c o r -
responding phenylhydroxylamine or phenylhydroxylammonium ion (49J . 
This polarographic wave is observed to shift 50 to 75 mv/pH unit depending 
both on the pH range and type of ring subst i tut ion. This first cathodic 
p r o c e s s , in acidic solution only, is followed a t more cathodic potentials 
by a second two e lec t ron reduction to the corresponding ammonium ion. 
Clark £9] has recent ly descr ibed seve ra l e lec t rochemica l and chemical 
complications which take place during the initial four-electron reduct ion. 
The second c l a s s of nitrocompounds exhibits a single polarographic 
wave in neutral or alkaline solution cor responding to the s ix -e l ec t ron r e -
duction to the corresponding amine . Tes ta and Reinmuth L5Q| have recently 
re- inves t iga ted ortho-nitrophenol and have shown that this s ix-electron 
p rocess is in reali ty two successive e l ec t rochemica l reductions of four 
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and two e lec t rons respec t ive ly . Interposed between these two e l e c t r o -
chemica l p r o c e s s e s is a pseudo f i r s t o rder chemica l reac t ion . This in te r -
posed chemica l s tep presumably is the relatively slow el iminat ion of a 
water molecu le . The quinoid product result ing f rom water e l iminat ion is 
reduced immediate ly in a second, two-electron p r o c e s s . 
2 . The . e lec t rochemis t ry of a l iphat ic ni trocompounds 
Aliphatic ni trocompounds can be reduced e lec t rochemica l ly 
Jj31, 52, 53 j . The product of the f i r s t reduction p roces s in buffered solu-
tions of p H \ 6 is the cor responding hydroxylamine or hydroxylammonium 
ion. The second reduction p r o c e s s in this acidic pH region is believed 
to be the two-electron reduction to the amine or ammonium ion; thus 
i 
para l le l ing the behavior of the f i r s t c lass of a romat ic ni t rocompounds. 
The chief difference between al iphat ic and a romat ic nitrocompounds is 
that the half-wave potential of ni t roal iphat ics in this pH range is pH inde-
pendent . At p H ^ 6 the diffusion limited cur rent is a function of t ime and 
d e c r e a s e s to a diffusion l imited steady state c u r r e n t , the value of which is 
dependent on pH and the Length of the carbon chain . This cathodic p rocess 
_ in alkaline solution is st i l l believed to be the four e lec t ron reduct ion to 
the cor responding hydroxylamine. The polarography in basic buffers 
is complicated by a slow bulk chemica l t ransformat ion of the reducible 
i 
ni t ro fo rm to the non-reducible acid form. F o r ce r t a in ni t roal iphat ics 
it is poss ib le that the anion form of the nitrocompound may a l so be an 
impor tant species in equ i l ib r ium. 
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3. Chemis t ry and e l ec t rochemis t ry of fe r rocene and its der ivat ives 
Numerous chemical investigations have been concerned with 
the aromat ic cha rac t e r of ferrocene (dicyclopentadienyl iron II). These 
studies have been reviewed by Pauson 0>4j, Rausch, Vogel and Rosenberg 
Q>5] , and a l so by Schlogl|!>6). Recently Rausch, F i sche r and Gruber t (57) 
have compared the a romat ic reactivity of fe r rocene to the dicyclopentadienyl 
derivatives of Ruthenium and Osmium. 
It has been shown that ferrocene can undergo typical a roma t i c r e -
actions such as F r i ede l -Cra f t s acylation and alkylation, it can be sulfonated, 
arylated with diazonium salts and metal la ted with,n-butyl l i thium. On the 
other hand, typical a romat ic reactions such as nitration have lead to des t ruc-
tion of the molecule , presumably through oxidation of the iron a tom [43, 57J. 
The prepara t ion of ni troferrocene was reported a lmos t simultaneously 
by Helling and Shechter (58) and by Gruber t and Rinehart J43J. The methods 
of preparat ion a r e most unusual for a compound which undergoes the above 
typical a romat ic reac t ions . The compound can be prepared [43j by t rea t -
o 
ment of fe r rocenylh th ium with n-propyl n i t ra te at -70 C. The s t ruc ture 
was confirmed by elemental ana lys i s , convers ion to aminoferrocene with 
iron and hydrochloric acid, and the presence of an infrared absorpt ion at 
1507 cm typical of a romat ic n i t rogroups . 
F e r r o c e n e can be oxidized chemical ly to fer rocimum ion by con-
centrated nitric ac id . It has also been oxidized e lec t rochemical ly in water 
D9l, 90% ethanol [60] and acetonitr i le Ob Q . The e lec t rochemica l oxidation 
in these solvents has been shown to be a revers ib le one-electron oxidation 
to fe r roc imum ion. 
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A number of de r iva t ives of fer rocene have been e lec t rochemica l ly 
oxidized at platinum e l e c t r o d e s [59, 61 to 65) and reduced at m e r c u r y e l e c -
t rodes Q 9 , 64, 65] . The oxidation is always of the iron from a formal 
oxidation s tate of II to III . The potentials of these oxidations follow the 
p red ic t ed Hammet t subs t i tuent effect. The e l ec t rochemica l reduction is 
a lways of some ring subs t i tuen t . These subst i tuted fe r rocenes exhibit 
po larographic behavior s i m i l a r to the cor responding benzenoid compounds , 
but the potentials a r e always more cathodic [59j. The e l e c t r o c h e m i s t r y 
of n i t rofer rocene has not previously been r e p o r t e d . 
4. E l e c t r o c h e m i s t r y and the e l ec t rochemica l m e c h a n i s m 




which is 25% ethanol by volume, shows one wel l defined diffusion-controlled 
po la rographic reduction wave in the region of + .4 to -2v ve r sus SCE. The 
l imit ing cu r ren t is p ropor t iona l to the square root of the height of the 
m e r c u r y column with a z e r o interi >spt |66J. No oxidation waves a r e 
observed at a dropping m e r c u r y electrode up to +.4v ve r sus SCE. 
If po la rograms of a freshly prepared solution of n i t rofer rocene a r e 
obtained as a function of t ime , it is observed that the cu r r en t of the init ial 
po la rographic wave d e c r e a s e s rapidly with t ime , while a second more 
K 
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cathodic p rocess appears and its c u r r e n t grows with t ime . Po la rograms of 
a solution of n i t roferrocene p repa red and stored in a darkened room show 
no change in diffusion c u r r e n t for s eve ra l hours . 
F i g u r e VI shows polarographic waves for a solution of ni t roferrocene 
kept in a "darkened room" and exposed periodically and reproducibly to an 
incandescent bulb. It can be seen that with each exposure the f i rs t wave 
dec rease s while the second wave i n c r e a s e s . In the in t e r im between exposures 
no change in wave cha rac t e r is obse rved . F igure VII is a plot of polaro-
graphic c u r r e n t versus exposure time for the f i rs t wave , the f irs t wave plus 
the second wave, and for the second wave alone. It can be seen that the 
change in c u r r e n t is Linear with exposure t ime. The Limiting cur ren t for 
the growing cathodic wave is a l so a diffusion-controlled p r o c e s s . 
The possibil i ty of a rapid homogeneous chemica l decomposition was 
precluded by comparing the c u r r e n t - t i m e behavior of a n i t roferrocene solu-
o o 
tions kept at 0 C and 25 C in a lighted room. The ra te of change of cu r r en t 
o _ o 
with t ime is just as rapid at 0 C a s it is at 2 5 C. 
In a pH 6.47 phosphate buffer the ratio of slopes of the cu r ren t ve r sus 
time plots for the decreas ing f i rs t wave to the increas ing second wave is 
- . 6 5 and at pH 7.98 in a " t r i s " buffer this rat io of s lopes is - . 67 . The 
cons is tancy in the rat io of the slopes with pH allows a co r rec t ion to be 
made for the amount of photochemical decomposition which took place 
before the initial polarographic m e a s u r e m e n t was m a d e . Table III is a 
compilation of seve ra l polarographic exper iments where pH, concentrat ion, 
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pH ranged from 4. 0 to 8 .6 , the concentrat ion var ied over a 5-fold r ange , 
and the decomposition ranged up to 20% of the initial quantity of n i t ro-
fe r rocene . 
A diffusion c u r r e n t constant , I, J67J , 
I - ™ » D * - 2/3I1/6, <"> 
m r
/oc 
was calculated using the appropr ia te m a s s flow r a t e , m, and drop t i m e s , f . 
The coefficient of var ia t ion of these data, lOOffVx", is 4 . 2 . Considering 
that a sample of 15 to 50 mi l l i g r ams was taken, a pipetting and two dilutions 
made in the dark, and finally a c u r r e n t m e a s u r e m e n t recorded, this un-
ce r t a in ty is not e x c e s s i v e . No significant trend in the diffusion c u r r e n t 
cons tan t with pH or concentra t ion is apparen t . 
To evaluate the number of e lec t rons in a diffusion-controlled p r o -
c e s s " n " , a value of the diffusion coefficient of the reducible species is 
r e q u i r e d . If an independent m e a s u r e of the diffusion coefficient is not 
ava i l ab le , a diffusion coefficient can be a s sumed , or a comparison of the 
diffusion cur ren t constants for two s i m i l a r molecules can be made. B e -
c a u s e of the s t ruc tu r a l s imi l a r i ty between fe r rocene and n i t rofe r rocene , 
they should have a l m o s t identical diffusion coeff ic ients . The rat io of the 
diffusion cur rent constants of ni t roferrocene to fe r rocene should be in the 
s a m e rat io as the number of e lec t rons in their respect ive e lec t rochemica l 
p r o c e s s e s , 
'1 Jh 
Table IH 
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T= 9.22 100 <T/l = 4.7% 
(a) Observed cu r r en t s were co r r ec t ed for res idual c u r r e n t . 
(b) Cor rec ted cu r ren t s were c o r r e c t e d for photochemical decomposit ion (See Text ) . 
o^ 
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F e r r o c e n e has been shown to undergo in s eve ra l solvents a r e v e r s i b l e , 
diffusion-controlled one-e lec t ron oxidation (59, 60, 61J . Using the rat io 
of diffusion c u r r e n t constants shown in Table IV the n i t rofe r rocene reduc-
tion must be a s ix -e l ec t ron p r o c e s s . The product expected is a m i n o f e r r o -
cene . 
l d _ l 
Plots of log — T - ~ versus potential for the rising pa r t of the 
polarographic wave at different pH's a r e shown in figure VIII. The 
slopes of these plots a r e 37 mv at pH 6. 47, 44 mv at pH 7. 09, 45 mv at 
pH 8. 16, and 43 mv at pH 8.60. The plot a t pH 4. 05 is curved, but the 
initial slope of this plot is 48 mv. The slope of log ••--•• plots for a 
r eve r s ib le p r o c e s s should be 59/n mv [683. Applying this r e la t ionsh ip 
to the n i t ro fe r rocene wave "n" is found to be 1.3. This is much less 
than the expected value of 6.0 and impl ies the p rocess is i r r e v e r s i b l e . 
A plot of pH ve r sus half-wave potent ia l , E . , for the n i t ro f e r ro -
11L 
cene wave is shown in figure DC. Several exper iments were c a r r i e d out 
in which the concent ra t ion of n i t roferrocene was not de te rmined . The half-
wave potentials at the s eve ra l pH's vs SCE a r e as follows: pH 7 .89 , 
- . 6 7 8 v;, pH 8. 18, - .687 v, and pH 8.60, - . 717 v. The slope of this plot 
over the pH range s tudies was 58 mv/pH unit and E^ extrapolated to pH 
2 
of O is - .22 0 v vs SCE. The variat ion of half-wave potential with pH 
for an i r r e v e r s i b l e p r o c e s s has been in terpre ted as indicating the number 
of protons pe r e l ec t ron involved in the e lec t ron t ransfer p r o c e s s e s up to 
and including the ra te -con t ro l l ing s t e p : 
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Table IV 
Diffusion Curren t Constants for Fe r rocene and Ni t ro fe r rocene in 
50% v / v EtOH/ H z O Solutions 
Compound M x 10 I 
b 
1 F e r r o c e n e .488 ' 1.23 
2 F e r r o c e n e .343 1.02 
3 F e r r o c e n e .316 1.19 T = 1. 16 
4 F e r r o c e n e .418 1.06 
5 F e r r o c e n e .252 1.29 lOOCT/t = 7.5%, 
6 C .467 " 1.22 
7 Ni t rofer rocene .558 7.16 _ 
8 Ni t ro fe r rocene b .459 6 .72 = • 99 
9 Ni t rofer rocene .418 7 .08 100<T/r=4.7% 
a) Each solution was p repared by independent weighing. 
b) Cor rec ted for a 5% photochemical decomposit ion. All other solutions 
showed no apparent photochemical decomposit ion. 
c) HNO- used as supporting e lec t rolyte ra ther than NaNO . 





E vs S.C.E. 
Figure VIII 
FOR CpFeCpNOa AT SEVERAL pH'B IN AQUEOUS 
BUFFERS 25* EtOH BY VOLUME 
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Figure DC 
Ey vs. pH for Nitroferrocene in buffers 25^ EtOH 
by volume 
A- = .0591 -£— . 
pH m 
In the above equation (p) is the number of protons while (m) is the number 
of e lec t rons involved up to and including the ra te controll ing s t ep . In the 
pH range studied, the total number of protons t r ans fe r r ed is probably also 
equal to the number of e lec t rons t r a n s f e r r e d . 
When the photochemical decomposi t ion of n i t roferrocene takes place 
in water , a reasonable set of decomposi t ion products is that shown below: 
Cp 2 NO z Fe + H z O
 h*K» CpNO~ + CpH + Fe(II) + O H ' , (64) 
X XI XII 
where CpNO XI, is the 1-mtrocyclopentadieneide anion and CpH, XII, 
is cyclopentadiene. The polarographic c h a r a c t e r i s t i c s of the sodium sal t 
of 1-nitrocyclopentadieneide , XI, have not been previously r epor t ed . 
In buffers more basic than pH 7 . 3 , 1-ni trocyclopentadieneide, XI, 
shows one well defined diffusion-controlled polarographic wave . The half-
wave potential of this wave co r responds to the growing cathodic wave ob-
served upon photochemical decomposi t ion . The data for the plot of E ^ 
2 
vs pH for the growing cathodic wave is shown in Figure X The half wave 
potentials versus SCE for severa l solutions of 1-nitrocyclopentadieneide 
in phosphate and " t r i s " buffers a r e the following. pH 7.2 8, - 1 . 160 v; 
pH 7.40, - 1 . 170 v; pH 8.00, -1 .235 v; pH 8.70, -1.290 v, and pH 8.98, 
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p r e c i s i o n of the p o t e n t i a l da ta c o r r e s p o n d to the ha l f -wave p o t e n t i a l of the 
wave that g r o w s on e x p o s u r e to l i gh t . The s c a t t e r in the da ta for the E1 
2 
for the g rowing wave is g r e a t e r t han t h a t for the o r i g i n a l n i t r o f e r r o c e n e 
wave b e c a u s e t h e p e r c e n t d e c o m p o s i t i o n w a s usua l ly n e v e r l a r g e . T h u s 
the c u r r e n t s fo r t h i s s econd wave w e r e usjaally l e s s than l u a ; s u c h smal l 
c u r r e n t s p r e c l u d e d a m o r e a c c u r a t e m e a s u r e m e n t of E x . 
2 
Since 1 - n i t r o c y c L o p e n t a d i e n e i d e , X I , is o b s e r v e d a s a p r o d u c t of 
the p h o t o c h e m i c a l d e c o m p o s i t i o n , the r e a c t i o n p r o p o s e d a b o v e (64) is 
be l i eved to be the p r o c e s s which t a k e s p l a c e . 
T h e e l e c t r o c h e m i c a l r e d u c t i o n of n i t r o f e r r o c e n e b a s e d on the above 
ev idence is b e l i e v e d to be a s i x - e l e c t r o n r educ t i on to the c o r r e s p o n d i n g 
a m i n e , XIII . T h e r e a c t i o n is shown be low. 
C p 2 N 0 2 F e + 6 e " + 6 H
+ > C p 2 N H 2 F e + 2 H 2 0 (65) 
The p o l a r o g r a p h y is c o m p l i c a t e d by a p h o t o c h e m i c a l d e c o m p o s i t i o n of n i t r o -
f e r r o c e n e , (64) . S ince the r a d i c a l s i g n a l o b s e r v e d in the in s i t u e l e c t r o -
c h e m i c a l s t u d i e s of n i t r o f e r r o c e n e (v ida inf ra) is n e v e r v e r y i n t e n s e , the 
second e l e c t r o n in the n i t r o f e r r o c e n e r e d u c t i o n m u s t be a d d e d m o r e r ap id ly 
wi th r e s p e c t to t h e f i r s t e l e c t r o n than is t he second e l e c t r o n for the s e v e r a l 
a r o m a t i c n i t r o c o m p o u n d s d i s c u s s e d a b o v e . 
The E S R - e l e c t r o c h e m i c a 1 e x p e r i m e n t s d e s c r i b e d fo r the o t h e r a r o -
m a t i c n i t r o c o m p o u n d s w e r e c a r r i e d out for n i t r o f e r r o c e n e . An ESR s igna l 
was o b s e r v e d d u r i n g the e l e c t r o l y s i s of n i t r o f e r r o c e n e in both a 1.1 " t r i s " 
buffer a n d in unbuffered s o l u t i o n s . The s p e c t r u m was v e r y w e a k but a f te r 
half a n hour of e l e c t r o l y s i s a t c u r r e n t s be tween 100 and 500yHa, the 
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s p e c t r u m became more in tense . The signal to noise ra t io of the ESR s p e c -
t r u m was never g r e a t e r than 4 : 1 . The s p e c t r u m observed had three lines 
with a line width of 3 g a u s s . These lines were separa ted by 15. 1 gauss and 
had an intensity ra t io of 1:1:1. These hyperfine spli t t ings a r e therefore 
believed to be due to n i t rogen . No addit ional hyperfine s t ruc tu re was ob-
s e r v e d . By analogy with the arguments concerning the radical observed 
dur ing the e lec t ro lys is me ta -ch lo ron i t robenzene , the rad ica l observed 
dur ing the e l ec t rochemica l reduction of n i t ro fe r rocene must be the 'amon 
r a d i c a l . F r o m a compar isen of nitrogen coupling constants for the n i t r o -
f e r rocene (15 gauss ) , for the severa l ni t rocompounds d iscussed above (11 -
13 gaus s ) , and for the anion rad ica l of a l ipha t ic nitrocomopounds observed 
by P i e t t e , Ludwig and Adams fi.4~] (23-25 gauss ) , it is c l ea r that n i t ro -
f e r rocene has a significant a romat ic c h a r a c t e r . F o r a s e r i e s of methyl 
subs t i tu te nitrobenzenes Geski and Ragle [69] have observed an i nc r ea se 
in the nitrogen coupling cons tan t . The nitrogen coupling constant was 
observed to increase f rom 10 to 20 gauss when the n i t ro group was hindered 
by increas ing the extent of methyl substi tution on the 2 , 3 , 5 and 6 pos i t ions . 
The quali tat ive a rgument is that with increas ing substi tution the O-N-O 
plane is turned out of the plane of the ring If s y s t e m , thus i nc rea s ing 
local izat ion of the unpaired e lec t ron on the ni trogen a t o m . A nitrogen 
coupling constant of app rox ima te ly 2 3 gauss implies ex t r eme localization 
of the unpaired e lec t ron on the nitro group . A ni t rogen coupling constant 
of 10 to 13 gauss implies that the unpaired e l e c t r o n res ides in a delocalized 
If 
molecu la r orbital in which the e lec t ron spends significant t ime in the " 
system of the benzene ring. Unpaired electron densi ty for aliphatic n i t ro-
compounds r e s t s p r imar i ly on the nitrogen atom Q4] . Since the nitrogen 
coupling constant of n i t roferrocene is much c lose r to the values for a r o -
matic nitrocompounds than to that of aliphatic n i t rocompounds , the n i t ro-
fer rocene anion radical must have a significant a romat ic c h a r a c t e r . 
E . N-methylpyridinium Iodide 
' , i 
It has been proposed by Tompkins and Schmidt fl6j that the 
polarographic reduction of N- methylpyridinium ion is a one electron per 
mole p rocess and yields the neu t ra l free radical a s a product ( 7 ), 
E m m e r t fi8_] had shown on a macrosca le that a condensed product was 
the resul t of this e l ec t ro ly s i s . To tes t the hypothesis that a free radica l 
does exis t and is the in termediate for the condensation, the e lec t ro lys is 
of N-methylpyridinium ion was ca r r i ed out by techniques aLready descr ibed . 
If a basic solution of N-methylpyridinium ion is electrolyzed at 
-1 .5 V v s . S . C . E . for 10 minutes at a current of 400/4a (.24 coulombs), 
a barely detectable ESR signal is present before the e lec t ro lys is is d i s -
continued. When the e lec t ro lys i s is discontinued, this signal grows in less 
than one hour to an exceedingly intense spec t rum. A high resolution ESR 
spec t rum obtained under these e lec t rochemical conditions is shown in 
F igure XI. 
The spec t rum which is observed is identical to that obtained from 
the one-e lec t ron chemical reduction of N,N ' -d imethyl -4 , 4 ' -dipyridyl 
(methyl viologen) by the method of Michaelis and Hill £?0\, F igure XI. 
ESR Spec t rum of methyl viologen r ad ica l ton observed after e l ec t ro lys i s of N-methy l -
pyr id in ium ion 
ESR Spec t rum of methyl viologen rad ica l ion observed after chemica l reduct ion of 
methyl viologen 
iferc 
ESR Spec t rum of methyl viologen rad ica l ion observed after e l ec t rochemica l 
reduct ion of methyl viologen F i e u r e XI 
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Using the technique of photochemical reduction s imi la r to that descr ibed by 
B r i u m , Heineken, B r i u m and Zahlen (j l] s imi l a r spec t ra with inc reased 
resolut ion a r e obtained, F igure XII. The same spec t rum is a l s o observed 
from dirent e l ec t rochemica l reduct ion of methylviologen a t - . 7 0 V vs 
SCE [72) , F i g u r e XI . When p repared in carefully degassed solut ions , the 
rad ica l observed by a l l four p repara t ive methods was stable for a period of 
at leas t one day. 
Based upon a l l the avai lable polarographic evidence the re appears no 
doubt that on the polarographic t ime sca l e , 5 s econds , the reduction of 
N-methylpyr id in ium ion requ i res one e lec t ron per mole Q6, 17, 73| . 
This was verif ied by an independent determinat ion of the diffusion coeffi-
cient , "D" , of N-methylpyr id in ium ion [74j. The number of e lec t rons 
was calcula ted to be one after subst i tut ion of "D" into the diffusion c u r r e n t 
constant jof] for N-methylpyr id in ium ion, (I = 1.95 + .05 [l6j ). 
Based on the observed s p e c t r u m and its growth when e lec t ro lys i s is 
discontinued the product of e l ec t ro lys i s mus t have d imer ized and then, via 
a s e r i e s of homogeneous chemica l s t eps , yield the observed r ad i ca l . Since 
no large ESR signal due to a one-e lec t ron reduced product of the parent 
compound is obse rved during the e l e c t r o l y s i s , the d imer iza t ion mus t take 
place rapidly if the e l ec t rochemica l s tep is a one-e lec t ron p r o c e s s . F o r a 
15 
one-e lec t ron p r o c e s s the c u r r e n t passed is equivalent to 2. 7 x 10 radicals 
18 
per second for a per iod of 10 minutes or 1.6 x 10 r ad i ca l s . The ex-
t remely s m a l l ESR signal observed during the e lec t ro lys i s could a t most 
14 
correspond to 1 x 10 radica ls These data indicate that if the reduction 
is a one -e l ec t ron p r o c e s s that d i m e r i z a t i o n mus t be fast . 
— H W I ^ | | 
ESR Spectrum of 4 , 4 ' dipyridylium radica l ion from photochemical generat ion. 
-^f^JKjtK^ y|^*##^-~~ 
10 GAUSS 
ESR Spectrum of methyl viologen rad ica l ion f rom photochemical generat ion. 
F igu re XII 
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This observed ESR signal must be the sum of two s igna ls : one is 
due to some N, N ' -d ime thy l -4 ,4 , -d ipy r idy l radical ion (methyl viologen 
radical ion) formed chemically during the e lec t ro lys i s , while the second 
is due to the one-elect ron reduced product of N-methylpyr id inium ion. 
Because of the low signal intensity high resolution ESR s p e c t r a could not be 
recorded during the e lec t ro lys is to determine if the observed signal was 
indeed the s u m of two s igna l s . A large signal due to methyl viologen rad ica l 
ion is not possible during the e lec t ro lys i s because at - 1 . 5 V vs SCE this 
• 
radica l ion is reduced s t i l l further at the electrode surface |72]| . 
It is quite possible that the e lec t rochemica l reduction of N-methy l -
pyridinium is not a single e lec t ron t ransfer p rocess and a rapid d imer i za -
tion, (7) and (8), as has been proposed previously | l 6 , 19, 73J. The 
f 
process could be a two electron t r ans fe r process followed by a rapid 
chemica l react ion of the two e lec t ron reduced species with the unreduced 
species If this were the c a s e , the ESR spect rum observed p r io r to d i s -
continuing e lec t ro lys i s is due solely to methyl viologen rad ica l ions. 
This second possible scheme is shown below: 
# 
+ 




In o rde r to differentiate between the two electron reduct ion scheme 
above, (66) and (67), and the one e lec t ron scheme given e a r l i e r , (7) and 
(8), a detailed ana lys i s of the cur ren t -po ten t i a l - t ime curves in the potential 
region before complete concentration polar izat ion is achieved must be 
c a r r i e d out. Schwarz Jj5\ has c a r r i e d out some calculations considering 
only the one e lec t ron model and a not too r igorous model for diffusion. He 
concluded that the data were not inconsis tant with his model , but the a g r e e -
ment between his theore t ica l curves and those experimental ly observed 
was not very good. He did not pe r fo rm calculation for the two e lec t ron 
mode l , (66) and (67). 
Regard les s which mechanism is operating (7) and (8), o r (66) and 
(67) a d imer must be formed [J8] and such a formation must be sufficiently 
fas t to allow bulk chemica l formation of the observed methyl viologen 
r ad i ca l . 
Cur ren t -vo l t age curves on the gauze electrode after the e lec t ro lys i s 
was discontinued show the presence of only three e lect roact ive s p e c i e s . 
They a r e the original N-methylpyr idinium ion and both methyl viologen, 
XV, and methyl viologen radical- ion, XVI, (Figure XIII). P o l a r o g r a m s 
of the catholyte of m a c r o - s c a l e e l ec t ro lys i s of N-methylpyr idinium ion 
(constant cu r r en t ) showed a s imi la r se t of electroact ive s p e c i e s . The 
half-wave potentials of the observed waves ( - .69 v and -1 .02 v v s . SCE) 
agree quite well w i th - . 68 v and - 1 . 04 v vs . SCE reported in the l i tera ture 
Q2J . The proposed react ions a r e (68) and (69) shown be low 
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CH; fe>0*-«3 <£± 
XV 
E i = . 6 8 v 
2 XVI 
+ 




N - C Hj^ » CHg-
XVII 
N - C H 3 (69) 
F u r t h e r c o n f i r m a t i o n of the c h e m i c a l n a t u r e of the o b s e r v e d e l e c t r o a c t i v e 
s p e c i e s w a s ob ta ined by p o l a r i z i n g the gauze e l e c t r o d e a t - . 5 8 v, - . 8 5 v 
and - 1 . 0 8 v v s . S C E . A t the m o s t anod i c po t en t i a l the ESR s i g n a l d e -
c r e a s e d v e r y r ap id ly w i t h t i m e (17% d e c r e a s e in 7 m i n u t e s a t 3/ta anod ic 
c u r r e n t ) , t h e r e f o r e the p r o c e s s is a n oxidat ion of the r a d i c a l - i o n to 
m e t h y l v i o l o g e n . At - . 85 v vs S C E the ESR s i g n a l g r e w wi th t i m e (4% 
i n c r e a s e in 5 m i n u t e s a t 5 ^ a c a t h o d i c c u r r e n t ) . T h i s p r o c e s s is t h e r e -
fo re a r e d u c t i o n to the r a d i c a l and is a r e d u c t i o n of the m e t h y l 
v i o l o g e n i t se l f . It h a s b e e n p r o p o s e d [J2J that the s e c o n d r e d u c t i o n p r o c e s s 
of m e t h y l v i o l o g e n is the t w o e l e c t r o n p r o c e s s shown b e l o w 
CH3-N, 
+ 
N - C H 
2 e 
3 <r 
















JL ± __! 
-.90 
_£ 
-1.00 V vs. SCE -.70 -.80 Figure XIII 
Current voltage curve on the gauze electrode after a partial electrolysis 
of N-methylpyridinium ion. The electrode was mounted in the Varian aqueous 
sample cell in the cavity of the Varian ESR Spectrometer 
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The s a m e p r o d u c t , XVII , is expec ted if the m e t h y l v io logen r a d i c a l - i o n 
XVI is r educed by a one e l e c t r o n p r o c e s s . 
The r e l a t i v e l y l a r g e quan t i t i e s of m e t h y l v io logen o b s e r v e d in the 
c a t h o l y t e dur ing e l e c t r o l y s i s in the ESR c e l l , F i g u r e XIII, a n d on a m a c r o 
s c a l e could not have c o m e f rom ox ida t ion of m e t h y l v io logen r a d i c a l ion by 
t r a c e s of d i s s o l v e d o x y g e n . The so lu t ions for t h e s e e x p e r i m e n t s w e r e 
s c r u b b e d f ree of d i s s o l v e d oxygen wi th L i n d e H P n i t r o g e n . T h e n i t r o g e n 
had been p r e v i o u s l y p a s s e d through a v a n a d o u s su l f a t e s o l u t i o n to r e m o v e 
the t r a c e s of oxygen p r e s e n t in the n i t r o g e n . T h i s oxygen s c r u b b i n g s o l u -
t ion w a s con ta ined in a gas w a s h bot t le a n d was cons t an t l y b e i n g r e g e n e r -
a t e d by z inc a m a l g u m wh ich was a l s o in t h e b o t t l e . S c r u b b i n g of the n i t r ogen 
- 7 
shou ld leave the oxygen con t en t in the c a t h o l y t e be low 10 M . The quant i ty 
of d i s s o l v e d oxygen p r e s e n t in the so lu t i on vo lume of the a q u e o u s s a m p l e 
c e l l (++*. I c e ) u sed in t h e ESR e x p e r i m e n t is not suff ic ient t o a l l o w ox ida t ion 
of an a p p r e c i a b l e q u a n t i t y of methyl v i o l o g e n r a d i c a l ion to rre thyl v io logen . 
T h e c u r r e n t vo l t age c u r v e s for both the m a c r o s c a l e and ESR e l e c t r o l y s i s 
e x p e r i m e n t s a f t e r t e r m i n a t i n g the e l e c t r o l y s i s a l w a y s show a c o n c e n t r a t i o n 
of m e t h y l v io logen c o m p a r a b l e to tha t of the r a d i c a l ion. T h i s p r e s e n c e of 
both s p e c i e s in a v o l u m e e l e m e n t a l r e a d y oxygen f r e e is a c l e a r i n d i c a t i o n 
t h a t both m e t h y l v i o l o g e n a n d its r a d i c a l i o n a r e p r o d u c e d h o m o g e n e o u s l y . 
F u r t h e r e v i d e n c e fo r the h o m o g e n e o u s g r o w t h of the m e t h y l v io logen 
and i ts c o r r e s p o n d i n g r a d i c a l - i o n is p r o v i d e d by the fol lowing o b s e r v a t i o n s . 
F i r s t , the p o l a r o g r a p h i c w a v e s of bo th m e t h y l v io logen a n d i t s r a d i c a l 
ion o c c u r a t m o r e a n o d i c po ten t ia l s than t h e r e d u c t i o n of N - m e t h y l p y r i d i n i u m 
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ion. Thus if these species were produced at the e lec t rode surface during 
the reduct ion of N-methylpyr idinium ion they could never e scape , but r a t h e r 
they would be reduced immedia te ly . Second, the intensity of the ESR s p e c t r u m 
of the rad ica l - ion is obse rved to grow when the e lec t ro lys i s is discontinued. 
This growth of the r ad i ca l ion after the e l ec t ro lys i s is discontinued is a l s o 
observed during a m a c r o - e l e c t r o l y s i s . In a m a c r o - e l e c t r o l y s i s the blue 
co lor of the radical - ion is observed to deepen a f te r the e lec t ro lys i s ^s d i s -
c ontinued. 
In o rde r to ra t ional ize the presence in the catholyte of both methyl 
viologen and its cor responding radical ion, at least two homogeneous chemica l 
r eac t ions must be taking p l a c e . The first reac t ion to take place must be a 
redox react ion involving the condensed product of the initial one e lec t ron 
reduc t ion , N , N , - d i m e t h y l - 4 , 4 ' -d ihydro-4 , 4 ' -d ipyr idy l XIV. This species 
must be converted to e i ther methyl viologen XV or to the methyl viologen 
r ad i ca l - i on , XVI. In o r d e r to convert XIV to methyl viologen, XV, two 
protons and four e lec t rons must be lost , while to reach the radica l - ion , 
XVI, two protons and th ree e lec t rons must be lost . 
The second chemica l react ion must involve an e lec t ron t ransfer 
reac t ion between two of the th ree oxidation s ta tes of methyl viologen which 
a r e p r e s e n t in the catholyte during e lec t ro lys i s in the ESR cavi ty . To tes t 
this hypothesis an e l ec t ro lys i s of a solution s e v e r a l mi l l imolar in methyl 
viologen, . 1M in CI and .040 M in OH was c a r r i e d out. The e lec t ro lys i s 
v e s s e l was the " H - c e l l " descr ibed previous ly . The cathode was a m e r c u r y 
2 
p o o l , ' * ' ! c m , at the base of the ce l l . The re fe rence was the SCE built into 
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the ce l l while the anode was a A g / A g C l wire wrapped about the capi l la ry 
of the dropping m e r c u r y e l e c t r o d e . The dropping e lec t rode was used a s 
a probe to take cur ren t -vo l tage cu rves of the catholyte during e l e c t r o l y s i s . 
The potentiostat employed has been descr ibed by Enke [76]. 
The potential of the pool was made -1 .40 v v s . SCE. and c u r r e n t s 
of . 1 to .2 ma were drawn. It was observed that the solution seve ra l 
m i l l i m e t e r s above the e lec t rode became blue, but the solut ion c loser to 
the e lec t rode solution interface remained c l ea r . When the e lec t ro lys i s 
was t e rmina ted , a l l the solution in the vicinity of the e lec t rode became a 
da rk blue. The blue color eventually diffused throughout the ent i re ce l l . 
The solution p r io r to e l ec t ro lys i s was purged at O by using N_ 
previously passed through a vanadus sulfate solution to remove the t r aces 
of O- in the N_. During and after the e lec t ro lys i s N_ was continuously 
passed over the surface of the catholyte . 
At - 1. 40 v vs . SCE . methyl viologen XV is reduced with two e l e c -
t rons to the doubly reduced species XVII as shown by equation (70). A 
potential of -1 .40 v is well on the diffusion plateau of a polarographic 
wave , and therefore the surface concentrat ions of both methylviologen, 
XV, andradica l ion, XVI, a r e z e r o . Fu r the r that r ad ica l ion, XVI, 
cannot be the product of the e l e c t r o l y s i s . 
Cur ren t voltage curves of the catholyte at the dropping e lect rode 
showed a mixed anodic and cathodic process with an Ej. of - . 70 v vs SCE 
2 
and a second more cathodic wave. The mixed anodic and cathodic p roces s 
co r responds to the revers ib le oxidation-reduction reac t ion (68). The second 
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cathodic p roces s corresponds to react ion (69). The observed blue color 
c lear ly demons t ra tes the p resence of the radical ion, XVI. This species 
could only come about by a homogeneous chemical react ion between un-
reduced methyl viologen XV and its doubly reduced state XVII. The p r o -
posed reac t ion is shown below: 
C H 3 " S @ ^ ) " " C H : 
> 2 C H § N r " - " " - —
 ( 7 1 ) 
XVI 
XVII 
The origin of methyl viologen XV must be a homogeneous chemical r e -
action involving the condensed product , XIV, of the ini t ial e lec t rochemica l 
reduction of N-methylpyridinium ion. Since the methyl viologen radical ion 
is observed to grow after the e l ec t ro lys i s is discontinued and is p resen t in 
only smal l amounts during the e l ec t ro ly s i s , it is felt that the homogeneous 
react ion yields only the unreduced methyl viologen a s its product . The 
chemical react ion (71) which produces the radical ion, XVI, is believed to 
be an e lec t ron t ransfer reaction between the doubly reduced, XVII, and un-
reduced methyl viologen, XV. 
The doubly reduced methyl viologen, XVII, is produced from both 
the methyl viologen and its rad ica l - ion at the e lectrode during the e l e c t r o l y s i s . 
The very cathodic potential of the gauze electrode ( -1 .5 v v s . SCE) is sufficient 
to c a r r y out such a reduction. At p resen t it is not poss ible to clarify in m o r e 
detail the nature of the chemical react ions which yield the methyl viologen, 
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but a mechanism cons is tent with all the expe r imen ta l observat ions is that 
shown below. This mechan i sm must be divided into two p a r t s . The f i r s t par t 
is a s e r i e s of heterogeneous electron t r ans fe r steps and rapid c h e m i c a l 
reac t ions which take place on or in the immedia te vicinity of the e lec t rode 
su r f ace . These reac t ions cease to take place when the e lec t ro lys i s is d i s -
continued. The second par t of the mechan i sm involves a s e r i e s of homo-
geneous chemica l steps which take place at d is tances removed from the s u r -
face of the e l ec t rode . These react ions occur during and after e l e c t r o l y s i s . 
During e lec t ro lys i s the react ions which take place a t or in the im-





















and CH: •>CH, N-CH (67) 
II XIV 
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'N-CH; CH 3 -N 
XVII 
N-C %(70) 
a n d 
CH3-N 
XVI 
+ 1 e 
N - C H , — } CH 3 -N N - C H 3 ( 6 9 ) 
XVI I 
The chemical reac t ions which a re believed to take place at d i s t ances 
r e m o t e from the e lec t rode surface a r e : 
r—\H r—\ 
C H 3 - N U^ 
C H . 
+ 
N 








C H - N 





N - C H 3 ( 7 1 ) 
Cons ider ing some observa t ions by Schwarz [75j which demonst ra ted in a 
. - 3 . 
quanti tat ive fashion that two ethyl viologen rad ica l s d imerize (K =2.65 x 10 ), 
it is quite possible that d i m e r s of methyl viologen a l so exist . 
.The s eve ra l oxidation s ta tes of the viologen sys tem bear m o r e than 
a pass ing resemblance to the qumone, hydroquinone, semiquinone, and 
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quinhydrone s y s t e m . Such a suggest ion has already been made by Michaelis 
[77, 78]. 
F . 4, 4 ' -d ipyr idy l ium Ion 
It has been proposed fj9j that the f i rs t wave in the polarographic 
reduction of 4, 4 ! -d ipyr idyl ium ion, XVIII, is a one-e lec t ron reduction yielding 
the cor responding rad ica l i o n X K , 
H-N N-H ~il> H N ( 0 ) A O ) N " H (?3) 
XVIII xrx 
In o rde r to tes t this proposed scheme an e lec t ro lys is of XVIII was c a r r i e d 
out by methods a l ready desc r ibed . 
1. ESR spec t r a 
A rad ica l was indeed observed during e lec t ro lys i s in both acetate 
buffers and s t rong ac id . Its spec t ra is shown in F i g u r e XIV. No spec t rum 
was observed in buffers of pH 7 . 5 . The observed s p e c t r u m is consistent 
with the following se t of coupling constants : 2 equivalent spins of 1, 
a =3.57 g a u s s , 2 equivalent spins of 1/2, a „ = 4.06 g a u s s , and 8 equivalent 
1 
spins of 1/2, a = 1 . 5 3 gauss [80]. Spectra identical to those from e l ec t ro -
2 
chemica l genera t ion were obtained by chemical genera t ion using the method 
of Michaelis and Hill j j o ] . 
The spec t rum in the lower p a r t of Figure XIV was synthesized by 











shape with a width of 0.36 gauss a t the point of max imum s lope . Calculation 
of points along the curve was c a r r i e d out by the I Iliac computer using a 
p r o g r a m kindly supplied by D r . R. M. Deal . The computer output was in 
the p roper form to be used a s input for the Pace Model 3033B-1 Dataplot ter . 
It should be noted that the calcula ted spect rum reproduced the experimental ly 
observed s p e c t r u m in both line position and relat ive line in tens i ty . The ca l -
culated s p e c t r u m also has no lines which were not exper imenta l ly observed . 
F o r the r e a s o n discussed below the largest proton coupling constant , a , 
H l 
is ass igned to the protons bonded to the n i t rogens . If D_0 r a t h e r than H_0 
is used as the solvent, the s p e c t r u m obtained differs from the spec t rum in 
H_0 by the omiss ion of the l a r g e s t hyperfine splitt ing; therefore this hydrogen 
atom mus t be capable of exchange with the envi ronment . Of the severa l 
types of hydrogen present in this compound the only type that could reasonably 
exchange with its environment is the hydrogen bonded to the ni t rogen. In 
D_0 there is an indication that the eight or tho- and m e t a - protons a r e in 
rea l i ty not equivalent , and that the mean value of the i r splitting constants 
is c lose r to 1.45 gauss than to the 1.53 gauss given above. 
Recent ly Briun, Heineken, Briun and Zahlan j j ^ have reported an 
ESR s p e c t r u m of the 4, 4 ' -d ipyr idyl ium radical ion. The spec t rum of the 
rad ica l obtained from photochemical generation in 95% EtOH is s imi la r to 
that in F i g u r e XIV except for higher resolution. These authors repor t that 
a cons is ten t se t of splitting constants are a = 3 . 5 6 gauss for two equivalent 
n i t rogens , a = 7. 14 gauss for a s e t of two equivalent p ro tons , a = 1 . 4 3 
H l H 2 
gauss for a se t of four equivalent p ro tons , and a = 0.48 gauss for another 
H 3 
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set of four equivalent p r o t o n s . The exper imen t of Br iun , Heineken, Briun 
and Zahlan was repeated in this l abo ra to ry . The spec t rum recorded after 
a five minute exposure to sunlight was identical to the i rs except a fur ther 
increase in resolution was a t ta ined, F igu re XII. This spec t rum is con-
sis tent with those e lec t rochemica l ly and chemical ly generat ion rad ica l s 
observed in this study except that the s m a l l e s t proton coupling constant 
a „ = 1 . 5 3 gauss is no longer sufficient to descr ibe the s p e c t r u m . The eight 
2 
protons with splitting constant a a r e now believed to be two sets of four 
H 2 
protons each . The coupling constants for these two sets of four protons a r e 
a* = 1 . 6 3 and a = 1.45. The line width of the center line using photo-
H 2 . H 3 
chemical generat ion is observed to be 0.090 gauss . It is to be noted that 
the average of a' and a is 1.53 gauss and the difference between a 
H 2 H 3 H 2 
and a is well within the line width of 0.3 gauss obtained by the e a r l i e r 
H 3 
methods . The increase in l ine width in the e lec t rochemical exper imen t s 
is believed to be due to dissolved 0_ ^ 3 J or magnetic field inhomogeneity. 
Magnetic field inhomogeneity is less of a p rob lem with the photochemical 
exper iments than e lec t rochemica l exper imen t s since the sample was in a 
3 mm o .d . capi l la ry r a the r than in the aqueous sample ce l l . Dissolved 
0„ in the photochemical exper imen t s was removed by cyclic f reeze drying 
and evacuat ion. 
Since the ESR s p e c t r u m observed has a line in the cen te r of the 
spec t rum, the sum of the max imum value of the nuclear spins for each 
set of a toms in the rad ica l which causes this absorption s p e c t r u m must 
be even, thus the re must be an even number of protons in the r ad i ca l . Since 
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both ni trogens in the unreduced 4, 4 ' -d ipyr idy l ium ion a r e protonated at the 
pH used in these expe r imen t s , since a spec t rum identical with that e x p e r i -
mental ly observed has been calculated based on only ten protons (eight 
or tho and meta protons and two protons on the ni t rogens) , and since three 
independent prepara t ive techniques yield the same rad ica l , the rad ica l 
which is observed is cons is ten t with being the one-e lec t ron reduced radica l 
of the doubly protonated 4, 4 ' -d ipyr idyl ium ion, XDC. 
. 2 . E l ec t rochemis t ry and the e lec t rochemica l mechanism 
F igure XV shows on the same potential scale the polarographic wave 
of XVIII and the relat ive efficiency for the formation of the free r ad i ca l , 
XDC, for a m i c r o - s c a l e control led potential e l ec t ro lys i s in the ESR c e l l . 
If the free radical is the final product of the e l ec t ro ly s i s , the efficiency 
for its formation would be constant throughout the potential region c o r r e s -
ponding to the first polarographic wave , which is not the c a s e . Actually 
the concentrat ion of free r ad ica l falls to z e r o at the top of the polarographic 
wave . 
A conclusion cons is ten t with the above exper imenta l evidence is 
that the observed radica l is an intermediate in an overal l two-e lec t ron 
reduct ion to the corresponding di-hydrocompound,XX, as shown below: 
«-<§>^>+-H -iVH-K+^<g)5-H (?3) 
XVIII XDC 
' • I 1 L-J I ~~T <^ i I 
-.750 -.775 -.800 -.825 -.850 -.875 
Figure XV E vs. Ag/AgCl (H/10 Cl~) 
Polarogram of 4,4 '-Dipyridylium ion (1) in u.a on the same potential axis 
as relative efficiency for radical formation (2) in units of steady state 
spins per ua of electrolysis current in pH 4.4 acetate buffer. 
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H • "© B ^ i H l e w + — T > H - N 2 H + Z + N - H . (74) 
XDC XX 
T h e above s c h e m e r e q u i r e s t h a t e f f ic iency fo r the r a d i c a l f o r m a t i o n b e c o m e 
l e s s toward the t op of the wave and fal l to z e r o a t p o t e n t i a l s wh ich c o r r e s p o n d 
t o the diffusion p l a t e a u of the p o l a r o g r a p h i c w a v e . T h i s s c h e m e is c o n s i s t e n t 
w i t h the o b s e r v e d ESR i n t e n s i t y - p o t e n t i a l d a t a , F i g u r e X V . 
The e l e c t r o c h e m i c a l r e d u c t i o n of 4 , 4 ' - d i p y n d y l i u m ion is t h e r e f o r e 
b e l i e v e d to be a n o v e r a l l t w o - e l e c t r o n p r o c e s s in which the f i r s t e l e c t r o n is 
added a t a r a t e c o m p a r a b l e to that of the s e c o n d . T h e rad ica l which i s 
o b s e r v e d is thus a n e l e c t r o c h e m i c a l i n t e r m e d i a t e which h a s e s c a p e d f r o m 
the e l e c t r o d e s u r f a c e . T h i s s c h e m e is a n e x a m p l e of c o n s e c u t i v e o n e -
e l e c t r o n r e d u c t i o n s d i s c u s s e d e a r l i e r , (37) to (40) . 
A s i m i l a r c o n c l u s i o n is r e a c h e d if the p o l a r o g r a p h i c b e h a v i o r of 
4 , 4 ' - d y p r i d y l i u m ion , XVIII, and N , N ' - d i m e t h y l - 4 , 4 ' - d i p y r i d y l , X V , a r e 
c o m p a r e d . The f i r s t p o l a r o g r a p h i c w a v e of XV has been shown to be a 
r e v e r s i b l e o n e - e l e c t r o n p r o c e s s \J2, 75J. The p roduc t of the r e d u c t i o n is 
t he c o r r e s p o n d i n g r a d i c a l ion, XVI, a s shown below: 
C H 3 - N < O X Q > N-CH3 - ^ C H 3 - N + ( O M O ) N+-CH 
(70) 
XVI XVI 
T h e ha l f -wave p o t e n t i a l fo r the r e d u c t i o n of X V is pH independen t a s would 
be p r e d i c t e d s i n c e no p r o t o n s a r e involved in the r e d u c t i o n . If the r e d u c t i o n 
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of XVIII was a l so a one-e lec t ron p r o c e s s , the half-wave potential of this 
reduct ion should a lso be pH independent. The data of Falqui and Secci \blj 
c l ea r ly show that this is not the c a s e . In the pH region below 4 . 0 , where 
both ni t rogens a re protonated, (K = 6. 8 x 10 and K_ = 1.5 x 10 [82j ), 
the half-wave potential is definitely pH dependent (46 mv/pH unit). This 
in t e rmed ia te dependence between 1 and 2 protons per e lec t ron is that p r e -
dicted by react ions (73) and (74). 
The first step in the overa l l reduction of 4 , 4 ' -d ipyr idyhum ion (60) 
should be insensit ive to pH changes in a pH region where the principle un-
reduced species is doubly protonated (pH = 3 .5 ) . The second s tep in the 
m e c h a n i s m should be pH dependent . A pH dependence of the polarographic 
wave is observed [77, 81j . A marked change in the polarographic behavior 
is a l s o observed at pH> 5 . In this pH region a large fraction of the 4 , 4 ' -
dipyridy] exis ts as the free base or the singly protonated~species (g2|. At 
a pH of 7 .5 no ESR signal was observed under the usual condi t ions. This 
fa i lure to observe a rad ica l suggests that in the case of unprotonated 
4 , 4 ' -d ipyr idy l the second e lec t ron is added very rapidly with respect to 
the f i r s t e lec t ron or that the unprotonated radical is very unstable . 
E lec t rochemica l m e c h a n i s m s which involve quinone, semiquinone, 
hydroquinone and quinhydrone-l ike species and their s e v e r a l i n t e r - r e l a t ed 
equi l ib ra (77, 7 8] a r e not cons is tent with the ESR intensity-potential da ta . 
The ESR signal of 4', 4*-dipyridylium rad ica l ion is observed to decay 
when the e lec t ro lys i s is discontinued; therefore , some descr ipt ion of radical 
decay is n e c e s s a r y . Decay cu rves of the ESR signal at potentials which 
c o r r e s p o n d to the foot of the polarographic wave a r e shown in F igure XVI. 
*0 
' 0 S ^ c ^ o (A) IQ - 79 
V 0 (B) IQ - 156 
0, 
°-o-
(C) I0 = 74 
^>N,(D)Io-93 J t 
1 2 3 4 minutes 
Figure XVI 
Log (Relative Intensity of ESR Signal) After 
termination of electrolysis for 4,4'-dipyridylium 
radical ion versus time. Curve A is the decay 
after the longest electrolysis while curve E is 
the decay shortest electrolysis. I0 is the zero 
time intercept of the signal intensity. 
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At these potentials when the duration of the e l ec t ro lys i s is shor t , the decay 
of the signal is f i rs t o rder during the ear ly s tages of decay, but depa r t s f rom 
this behavior after about three hal f - l ives . In those exper iments where a long 
e lec t ro lys i s was employed p r io r to the decay study, depar ture f rom f i r s t 
o rder decay occur r s sooner than when a shor t e lec t ro lys i s was employed. 
The decay data for runs A and B were taken af ter an e lec t ro lys is at l O ^ a 
for less than five minutes; the signal decay is f i r s t o rde r for four half-
lives with U± of 44 seconds . F o r run C, which was electrolyzed for one 
2 
hour at 15/4a, significant depar tu re is observed af ter two half-l ives (90 
seconds) . In run, D, which was electrolyzed at 25 Jia for about one hour , 
significant depar ture from f i r s t o rder decay is observed to take place 
during the second half-life. In run, E , for which the e lec t ro lys is lasted 
three hours at 40y#a, very little decay was observed to take p lace when 
the e lec t ro lys i s was discontinued. Studies on different gauze e lec t rodes 
appear not to a l te r these observa t ions . 
In the exper iments where high resolut ion ESR spect ra were r e c o r d e d , 
r ega rd l e s s of the extent of e l ec t ro ly s i s , there never was an indication that 
, a second radical was produced. 
Decay studies for r ad ica l s resulting from an e lect rolys is c a r r i e d out 
at more negative potentials than those above a r e more complex. The ESR 
signal is observed to grow for a short time af te r the e lec t ro lys is is d i s -
continued, however, after one or two minutes the s ignal begins to decay. The 
decay of the ESR signal is s lower than the decay at the less cathodic poten-
tials At these more negative potentials the intensity of the steady s tate 
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ESR signal during e lec t ro lys is is sma l l e r while the steady s ta te cur ren t is 
l a r g e r . 
The magnitude of the signal i nc r e a s e , the decay rate after the maxi-
mum signal at tained, and the ra te of a t ta inment of this maximum signal a l l 
vary with e lec t rode potential . The l a rges t percent increases in signal inten-
sity after te rmina t ing the e lec t ro lys i s is observed a t the most negative poten-
t i a l s . The t ime after terminating the e lec t ro lys i s necessa ry to reach the 
la rges t ESR signal appears to inc rease while the rate of decay of the ESR 
signal d e c r e a s e s with increasing cathodic polar izat ion. 
Cur ren t -vo l tage curves with a dropping mercury e lec t rode have an 
adsorption p rewave . The .cu r ren t of the prewave for a 10 mi l l imolar solu-
tion of 4, 4 ' -d ipyr idyl ium ion is . \4Ata.. Such sma l l cu r ren t s imply the forma-
tion of a monolayer of adsorbed m a t e r i a l ra ther than a mul t i layer formation. 
E lec t rocap i l l a ry c u r v e s for solutions of 4,4'-dipyridylium ion show marked 
dec reases in the drop time at potent ials more negative than the half wave 
potent ia l . This dec rease in drop t ime and also a s e r i e s of exper iments 
employing rapid record ing of the individual c u r r e n t - t i m e behavior of grow-
ing drops indicate that a second adsorpt ion p rocess takes place a lmos t a t 
the very top of the polarographic wave. The adsorpt ion prewave is probably 
due to the free rad ica l , but the second adsorpt ion process a t the top of the 
wave could not be due to the free rad ica l since no radica l is observed at these 
potentials in the ESR expe r imen t s . This second process must be an 
adsorption of the two e lec t ron reduced product . 
C u r r e n t - t i m e curves on the s ta t ionary gauze electrode a r e well be-
haved for a l l other sys tems studied and for 4 ,4 ' -d ipyr idyl ium ion solution 
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up to the potential region of the adsorption p rewave . At potentials more 
negative than the adsorpt ion prewave, the c u r r e n t - t i m e curve at a given 
potential is osc i l la tory . The observed c u r r e n t - t i m e curve r e sembles that 
of an underdamped c u r r e n t - t i m e curve of an RC network super imposed 
upon a m a s s t ranspor t c u r r e n t time cu rve . As the electrode potential is 
made more negative, the t ime constant of the cu r r en t oscillation i n c r e a s e s . 
At 50 mv past the prewave the oscillations a r e damped out in about one 
minutejwhile 10 mv past the potential of the prewave the osci l lat ions a r e 
damped out in just less than 10 seconds. 
After imposing the potential , the f i r s t oscil lat ion exceeds 500ytt a. 
cathodic cur ren t while on the first downward spike of the osci l la tory cu r r en t 
a net anodic cu r ren t flows. After the oscil lat ions have been damped out, a 
potential s tep as smal l a s 1 mv resul ts in s imi l a r but less violent osc i l l a -
t i ons . The direction of the f i rs t cur ren t spike is cathodic for a fur ther 1 
mv cathodic polarizat ion while an initial anodic cu r r en t displacement is 
observed for a 1 mv anodic potential s tep . When the oscillations result ing 
f rom these 1 mv potential s teps have been damped out, the remaining m a s s 
t r anspor t cur ren t is vir tually unaltered. 
The rat ionalizat ion of the observed ESR signal as a function of t ime , 
potential and'extent of e lec t ro lys i s is not unambigious. Chemical reac t ions 
producing free radical or slow desorption of sorbed free radical could be 
the cause of the increase in ESR signal after terminat ing e l ec t ro ly s i s . 
Of the two possibi l i t ies the most probable is a chemica l reaction s imi la r 
to (71) proposed for the mechyl viologen sy s t em, but no evidence for such a 
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react ion in the case of 4, 4*-dipyridyl s y s t e m can be presen ted at this t i m e . 
The f i rs t order decay of the 4 ,4 ' -d ipyr idy l ium rad ica l ion at the 
foot of the po la rographic wave, can be rat ionalized in t e r m s of reactions 
(75) and (66) below: 
+ 
- > H - N N+H (75) 
2H2 04Ni N-H +20H"+H (76) 
It is suggested that once the r ad ica l looses a proton, thus becoming 
unsymmet r i ca l , it is a powerful reductantand is sufficiently s t rong to oxidize 
water . The radica l produced by the a t tack on the solvent should be highly 
unstable and should decay quite rap id ly . The depar ture f rom f i r s t - o rde r 
kinetics can be asc r ibed to a react ion like (71) proposed above for the 
growth of the ESR signal at the more cathodic potentials or to a slow de-
sorpt ion. At the less cathodic potentials the quantity of doubly reduced 
species XX is much less and the re fo re , react ions between it and unreduced 
4, 4 ' -d ipyr idyl ium ion XVIII should be Less important . 
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VI. CONCLUSIONS 
It has been shown that free radicals play an important role in s e v e r a l 
organic e l ec t rochemica l r educ t i ons . 
The observat ion of a free radica l in the ca se of the four -e lec t ron r e -
duction of s eve ra l a r o m a t i c nitrocompounds i l l u s t r a t e s the point that this 
reduct ion process involves at least two slow consecut ive one-e lec t ron s t e p s . 
At potentials which c o r r e s p o n d to the foot of the polarographic wave, the 
r a t e of the f i r s t e lec t ron addit ion must be comparab l e to the rate of the 
second e lec t ron addi t ion. The mechan ism p r o p o s e d , (53), (54), (5) and (6), 
is an example of s teps (23), (24), (27) and (28) in the genera l scheme proposed 
by Elving and Pul lman QQ . The radical which is observed must therefore 
be an e l ec t rochemica l in te rmedia te which has escaped from the e lec t rode 
s u r f a c e . 
The e lec t rochemica l reduction of 4, 4 ' -d ipyr idy l ium ion is another 
example of two consecut ive one-e lec t ron add i t ions , (73) and (74). E lec t rode 
potent ial-ESR intensity data show that the final product of the e l ec t ro lys i s 
is not the free r ad ica l , but it is a more reduced s t a t e , probably the two 
e lec t ron product . In t e r m s of the general me c h a n i s m considered e a r l i e r 
(23) to (32), this reduction is an example of r eac t ions (23), (24), (26) and 
(27). 
The e l ec t rochemica l reduction of N-methylpyr id in ium ion does not 
yield the expected free r ad i ca l , but r a the r the r ad i ca l observed is due to 
a condensed product . This observed radical is not direct ly produced by 
an e l ec t rochemica l reduct ion , but it resul ts f rom a homogeneous chemica l 
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reac t ion . , The s eve ra l initial s teps in the reduction of N-methylpyr id in ium 
ion a r e cons is tan t with reactions (23), (24) and (25) in the g e n e r a l scheme of 
Elving and PullmanQjJ. 
In con t r a s t to the four e lec t ron reduction of both benzenoid and 
aliphatic n i t rocompounds , the n i t rofer rocene reduction at a dropping mercu ry 
electrode is a six electron p r o c e s s . This mul t i -e lec t ron reduct ion is a dif-
fusion control led i r r eve r s ib l e p r o c e s s . The pH dependence of the polaro-
graphic ha If-wave for n i t roferrocene reduction is the same a s that for 
benzenoid ni t rocompounds, but the E^ of the ni t roferrocene reduct ion at 
2 
the same pH is always more negative than that for ni t robenzene or most 
monosubsti tuted ni t robenzenes. The fai lure to observe an e lec t rochemica l ly 
s t ab le hydroxylamine oxidation state is a fundamental difference between 
nitrobenzene and n i t rofer rocene . In the e lec t rochemica l -ESR exper iments 
the failure to observe a large steady state concentration of a f ree radical 
in te rmedia te for ni t roferrocene suggests that the second e l ec t ron in the 
n i t rofer rocene reduction is added rapidly with respect to '•he f i r s t e lec t ron . 
This is in c o n t r a s t to the observed rad ica l s for both benzenoid and aliphatic 
n i t rocompounds. The magnitude of the observed nitrogen coupling constant 
for n i t ro fe r rocene indicates that n i t rofer rocene has a significant a romat ic 
c h a r a c t e r . 
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